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PREFACE

This report, comprising the doctoral thesis of Louis Baker, Jr.,
represents a study of ignition delay when fuels and oxidants are contacted,
with special emphasis on mixing., The report includes the design of an
apparatus to contact the reactants rapidly, to mix efficiently, and to
record ignition as a function of time. As mixing cannot be studied solely
as a function of ignition, the apparatus also permits measurement of the

injection rate and the change in pressure with time.

The systems studied were hydrazine and nitric acid; hydrazine,
3 ( ammonia and nitric acid; aniline and nitric acid; and hydrazine and hydrogen

peroxide,

In the event that the design details of the reactor are of inter-
est to other workers in this field, copies of the detailed working drawings
may be obtained at a nominal cost from the Department of Chemistry of

Illinois Institute of Technology, upon request to the Office of Naval

! Research, Chicago Branch Office.
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ABSTRACT

A constant volume reactor was designed in which it was possible to
contact and mix nearly equal quantities of two liquid reactants in a few
milliseconds. The apparatus was sulted for the study of self-igniting
fuel-oxidant mixtures. It was possible to vary the reactant ratio, the
nixing pattern, and the ambient temperature.

The reactions were studied by four techniques: (1) simultaneous
measurement of the transient pressure and the light emitted by the
reacting mixture, (2) simultaneous measurement of the transient pressure
and the injection rate, (3) measurement of the final pressure of the
product gases, and (L) chemical analysis of the reaction products.

The transient pressure measurements were made by means of a strain
gage, the output of which was amplified electronically by a method due
to McKinney. The light emission measurements were made by means of
three photoelectric circuits; each employed a vacuum phototube as the
sensing device. The injection rate was measured by a photoelectric
timer. The data from the electronic measurements were recorded on film
by photographing the screens of two oscilloscopes simultaneously.

The transient pressure was found to oscillate about a mean value
during the early stages of a reaction. It was found necessary to
attenuate the vibrations by placing obstructions in the piping connect-
ing the strain gage with the reactor. It was suggested that the
phenomenon might set an upper limit to the speed with which chemical
reactions may be followed by measuring their pressure.

The reactions studied were: (1) the reaction of sodium-potassium

alloy with water and ethanol, (2) the reaction of hydrasine with nitrie
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acid, (3) the reaction of aniline with nitric acid, (L) the reaction of
hydrasine with hydrogen peroxide, and (5) the reaction of hydrazine,
liquid ammonia mixtures with nitric acid.

The two pressure peaks observed by McKinney for the reaction of
sodium-potassium alloy with excess water in NMcKinney's reactor were ex-
plained in terms of inefficient mixing and an explosion occurring between
the hydrogen produced by the resction and oxygen originally presant in the
reactor atmosphere. The reaction of equal quantities of the reactants
showed only a single pressure peak correasponding to the simultaneous
evolution of hydrogen and the hydrogen, oxygen explosion.

The ignition delays c¢f the fuel-oxidant systems were measured and
found to be less than three milliseconds for every reaction studied. The
delays were lower than those reported by .other investigators who emplcyed
mixing methods where the efficiency of mixing was most uncertain. The
short delays were attributed to (1) the rapid rate of mixing in the appare
atus and (2) the impect and turbulence associateéd with the mixing process.

There was a negligible effect of the reaction temperature or of the
hydrazine concentration on the ignition delay of the reaction of nitric
acid with liquid ammonia, hydrazine mixtures. This result was more
indicative of ignition by impact than it was of ignition controlled by
the rate of a homogeneous chemicai reaction.,

An analysis of the products of several reactant ratios of the
hydrasine, nitric acid reaction was made. The results were compared
to the products expected from thermodynamic considerations. It was
shown that the reaction had been quenched short of completion. The
observed products have been discussed in terms of the possible inter

mediate stages of the reaction.

vii
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CHAPTER I
INTRODUCTION

Certain liquid fuels when brought into contact with strang euidishg
agents will ignite spontanecously. The im:l.ﬁon of such systems iisy take
Place instantanecusly when the liquids m first bré;lght into cimtact or
there w be a time dslay. liost of ‘the stwdies of the ignition delsy in
such systens have explayed methods designed to simulate conditions met in
& rocket motor. In a'typical rocket motor the two reactants are .'eontachsd
by the impingemsnt of a number of fuel amd oxidant streams in a relatively
unconfined area. By such measurements it does not seem poseibdle to
differentiste between the delay creatsd by the time required to achiéve
efficient mixing and the delay caused by an actual chemical imduction
period.

Methdds have been devised to achieve ﬂze coplete mixing of useful
smounts of two 1iquids in a very short time. The work of Roughton,l
Chance® and Mckinney> has proven conclusively that it is possible tu
effect the complete intemixing of t‘b‘ liguids and begin obseivation of
the resulting mixture only a few msec. (milliseccnds) after the initial
contact. These methods have never been applied to the study of the
iguition of fusl-oxidant mixtures. The pressnt research is an attedpt
to apply the mixing methods of Roughton, Chamce and McXimmey to the'
problsa of the self-ignition of fuel-oxidant systems and to stady tho
associated explosive reactions.

The 'system, nitric acid - hydrasine, is of particular interest.

This reaction was chosen as the main subject of the present research.

*For all numbered references, see bibiiography.
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It was believed that the use of an inorganic fuel would be more suitdble
for an exploratory study of this nature.

Reactions of Hydrasine aud Nitric Acid

There appsars to be very little information in the literature regard-
ing the reaction between concentrated solutions of hydrasine and nitric
acid. Dilute solutions of the two will reasct to form the salt hydraszine
nitrate which can be crystallized from the aqueous solution. Both'a
mononitrate and a dinitrate exist. The mononitrate is quite stable. It
has been heated to 300°C withiout decomposition.’ The stoichiometry of
the thermal decomposition of the mononitrate is not fully understood.
Hodgkinson5 found déccaposiiicn to nitrogen, nitric oxide and water in a
vacuum at 200°; Keensn® found nitrous oxide to be ane of the principl
products. Hydrazine nitrate has been found to be much more susceptible
to expliosion {han aﬁmoniuﬁ nitrate. When hydrazine nitrate is heated
with dilute sulfuric’ acid some hydrogen aride is rcmsd.h The oxidation
of hydrasine sulfate with stréng nitric acid has also been shomm to
yield some hydrogen azidc.h

The oxidation of hydragzine in dilute aqueous s=olutions has besn the

subject of many investigations. The oxidation by Mydrogen peroxids has
been shomn to yield hydrogen azide under certain conditions along with
nitrogen and water. Gordon7 in a recent kinetic study has proposed the

following mechanism for the oxidation in dilute alkaline solution:
(1) a. Naason + Hy0, == NZHSOOH + Hy0

b. NH;00H —55 WH, + 2 B0
c. N, + 0, HPS g, mo
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The salt NoH;O0H is an unstable intermediate, the decomposition of which
is the rate determining step. The subseguent oxidation of the diimide |

.. 18 supposed to be very rapid. In this study Gordon found no hydrogen E

azide or ammonia in the reaction mixture.
Oxidizing agents which can react with acidic solutions of hydrazine
can be grouped into three ca‘bogories:a’9 (1) those that accept oxﬁy' one
electron, (2) those that accept two eléctrons, and (3) those involving
a stepwise oxidation through several intermediates in which both cne and
two elschrans eve transferved. It has been found that hydrogen aside ‘15
formed” only in reactions involving group (2) or (3) oxidizing agents. i
Both nitx7é aeid and hydrogen peroxide are in one of these two groups !
because of their known tendency %o form hydrogen aside. Oxidising -agents |
of group (1) such as cupric ion of ferric ion are supposed to-react
according to the fcllowing scheme:

(2) L NQHS... — HzH} + 2 H‘.- + o

In the actusl reaction studies. the ratioc of nitrogan to smmonia may
deviate considarsbly from that indicsted by Eq. 2c because of side reac-
tions characteristic of the pai'bicular oxidizing agent. Oxidising agents
of group (2) are thought to react through the diimide radical according
to Eq. 3: '

C) Wi —y B, + 3H + 26"

The diimide radicals can condense with each other or with hydraszine to

form higher hydronitrogens some of which can decompose to yield hydrogen
aglde as well as amonia and nitrogen. Tetrazene is the most logical
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hydronitrogen to be fermed fyem diimide radicals. Triazens could conceive
ably be formed from one diimide radical and an imide radical resulting
from the possible dissociation of dijmide. The only known organic hydro-
nitrogen that can decompose to yield derivatives of hydrogen azide are
the isotetrazenss. It is therefore ‘reasonab)ls to assume that isotetra-
zenes are also intermediates in oxidationg imvolving two eleziron steps.
A great number of studies have bden made of the decomposition of
gaseous hydrazine, Hydrasine has been found to decompose into varying
amounts of nitrogen, hydrogen and ammonia, The only atudy of the thermal
decomposition of hydrasgivie in which the decomposition was claimed to be

homogeneous was one due to 5mrc.1° The primary step is represented by
Eq. ks .
(). _ N5, —> 2 NH,

The resulting amino radicals were removed by reaction with toluene. %The
decomposition, however, was carried to a very slight extent to avoid
side reactions. The catalytic decomposition on silica was shown to
follow Egq, S:n ‘

(5) 3NH —> LNH; + N,

Decompositior. on & hot platinum or tungsten wire was shown to yield
hydrogen, nitrogen and ammonia according to Eq. 6.

A recent study of the thermal decomposition of nitric acid vapor

was made by Johnston.l2-

In this study rapid flow techniques were used
to determine the kinetics of the decomposition reaction. The proposed

mechanisn is as followns:
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(7 a HO; ~=» W0, + OH
b. oH + W, —2> HNO,
e Of + Hio; ~S» HO + MO,
d. 103-&1302—-»}!02«&024-1!0
c. ¥, + ¥ —> 2K,

The observed kinetics are in agreement with this scheme and can be

represented by Eq. 8:

d (HNO3) 1
8) - === . 2a (HNO,) .
av R L PR ¢ 7))
c (HNOB) -
The net reaction is given by Eq. 9:
(9) LENO; — LNO, + 2HO + 0

Eq. 9 aleo deacribed the decomposition that occurs when liquid,
anhydrous nitric aeid is allowed to stand for long periods of time at
room tempersture or higher. Reaction 9 is kmown to be readily revers.
ible; the equilibriumm constants of Reaction 9 have been calculated by
Forsythe and G:!.anqme13

A great deal of work has been done to determine the nature of
nitric acid aolutiomm particularly with regard to aromatic nitration.ls
It is generally conceded that the nitronium ion llo,‘,+ is the nitrating
agent in a large mmber'of nitration reactions. In a recent cryoscopic
study of pure liquid nitric acid, Dunning snd Nuttl® have estimated
that there is about 8% of dissociation products present in equilibrium

at room temperature, The known dissociation equilibria are given in
Eq. 10:
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d. 2 M0y => HNo," + WOy
Flames and . of razine

The decomposition of hydrazine can give rise to.a flame even in the
absence of an oxidizer., The explosive decomposition of guseous hydrazine

was studied by Banrord.]'? He found decomposition to take place according
to Eq. 1l:
(1) 5 Ny —> LNE; + 3N, + LH

The first succesaful attempt to stabiligze a hydrasine decomposition flame

nsudebyllurmandﬂnll.la

according to Eq. 12:

(12) QHHy — 2WH; + Ny + K

They found the decomposition to proceed

They studied the flame veloclity of the hydrazine deccmposition flame for
gaseous hydrazine, water mixtures, They also studied the flame velocity
of the bydrazine, cxygen flame; the amonnia, oxygen flame; and the flame
produced when a 2:1:1 mixture of ammonia, nitrogen and hydrogen burns in
oxygen. They proposed that in the case of oxygenated flames the hydrazine
is decomposed according to Eq. 12 before it reaches the flame fromt; the
resulting ammonia and hydrogen then react with oxygen in the flame fromt.
The authors hoped to prove this hypothesis by studying the combustion of
the ammonia, nitrogen and hydrogen mixture. The results, howsver, were
inconclusive. The authors calculated the adisbatic flame temperature

e = —— e o -



for the hydrazine decomposition flame according to Eq. 12 and found a value
of 1660°C. They also calculated it on the basis that decomposition pro-
duced only nitrogen and hydrogen and found a value of 1100°C. They
measured the flame temperature crudely with a thermocouprle and found a
value intermediate to those calculated. However they expected a measured
tenperature of several hundred degrees below the true value because of

the large size of the thermocouple.

It i3 interesting that ammonla should persist at these temperatures
because of its high temperature instability. Tamer’ found ammonia to
decompose only LSZ per sec. at.900°C in a itube which certainly had a
catalytic surface, Wolfhard and Parker<® found ammcnia as such in
diffusion flames up to 2400°C by a spectroscopic method. The persistence
of ammonia at such high temperatures indicates that the homogeneous rate
of the thermal deccuposition of sammonia msy be very low since reaction
conditions in a carbon fres flame are essentially homogeneous.

Ordinarily the final products of a high temperature decomposition
such as the hydrazine decamposition or of a combustion reaction such as
that between hydrazine and nitric acid would be expected to be those
predictable from thermodynamic comsiderations alone. By a simple thermo-
dynamic argument it can be shown that temperatures as high as 3000°K can
be expected from the reaction of nearly equimolar amounts of anhydrous
hydrasine and anhydrous nitric acid.” It must be assumed that the resc-
tion is carried out under adiabatic conditions. At such high temperatures
the rates of almost any possible gas reaction would be expected to be very
high so that a condition of complete thermodynamic equilibrium should

*
Sample calculations are given in Appendix IV for certain cases of the
hydraszine, nitric acid reaction.
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result unless the gases are cocled very rapidly. The temperature that is
expected to result from the adiabatic reaction of two combustibles lead-
ing to complete chemical equilibrium is usually referred to as the
adisbatic flame temperature.

The practical calculation of the .adisbatic flame temperature can be
very complicated. One first calculates the relative atomic composition
of the reactant mixture. By a trial and error procedure one can then
determine the equilibrium composition of the mixture at any assumed high
temperature. It remains to calculate the heat evolved by an assumed
reaction between the startiag materials leading to the trial composition,
the entire reaction taking place at the original temperature of the
starting materials. The heat required to bring the reaction products to
the assumed high temperature is then. calculated nsing specific heat data.
When the correct high temperature has been assumed, the heat evolved by
the reaction will just equal the heat required to bring the products up
to the high temperature. The calculation is somewhat more complicated
when the total pressvre of the final products is also unknomm.

It is obvious that in the case of nitric acid vs. hydrazine only
simple compounds such as water, nitric oxides, the elements and certain
radicels are thermodynamically stable at such high temperatures., When
the final products of such a reaction are cooled to permit analysis, the
composition will in general be changed somewhat because of radical
recombinations, etc.

The adiabatic condition can be very nearly realized in the laborae-
tory in the case of the explosions of gases. This is usually accomplished
by igniting the gas mixture in a spherical, constant volume bomb, If the
gases are ignited at the center of the spherical chamber, the explosion
frent will move radially toward the chamber walls, It is obvious that

e e et P A o e .-
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no heat losses can occur until the hot front reaches the chamber wall;
at this point, howsver, the reaction is complete. By using a rapid
pressure recording method it is possible to measure accurately the
pressure maximum corresponding to this conditicn. Since the maximum
pressure iz caleculable with thermodynamic data it is possible to obtain

thermodynamic information from the study of such explosions..al

Ignition Delay Studies
Most of tﬁe impetus for the study of the ignition delay time of

liquid fuel-oxidant systems is due to the potential use of such systems
in rocket motors. Systems which do not ignite spontaneously can be used
successfully in rocket motors if some extermnal means of ignition can be
found. From a prectical standpoint, however, it is preferable to employ
a system that will ignite spontamecusly. In.such a rocket motor it is
imperative that ignition takes place in.a very shart time after the con-
tact of the reactants. An excesasive delsy wi:l.‘l.canae the unreacted
materials to accumlate in the motor chamber; ignition could then cause
a destructive explosion. For this reason the study of hypergolic
ignition (self-ignition) is of great practical importance in the field
of rocket technology.

Some of the experimental variables which must be controlled for
the precise measurement of ignition delay time include: (1) the
reactant ratio, (2) the time required to effect complete mixing, (3)
the chemical composition of the reactants, (li) the ambient temperature,
and (5) the ambient pressure. It is of interest to see how these
variables have been controlled in the previous investigations of
ignition delay.

A method which has been widely used to measure ignition delay



e

bt e Wheme A

Ce mpeame

g
i
h
i
lt
|.
i

10

times is usvally referred to as the "drop test" or the "open cup test".2?

In this test the fuel is usually contained in a metal cup; one drop of
the oxidizer is allowed to fall into the cup. Various methods are
employed to measure the time deliy between the first contact of the

fuel with the oxidizer and the cnset of luminosity. Methods ranging

in complexity from an observer with a stop watch to an elaborate system
of phatoelectric cells have been used to record the delay time. High
speed motion pictures are also commonly used. in this cannection. In a
test of this type there is no way of determining the effective reactant
ratio at the time of ignition or to ascertain the completeness of mixing.
The method is of value for the rough screening of bipropellant pairs.

A highly refined open-cup testing apparatus has recently been
described by Gun.23 In this apparatus the oxidiser is contained in a
thermostatted reaction dish. The fue. is originally contained in a
weir-lipped cup located above the reaction dish. The weir.lipped cup
can be rotated, pouring the fuel out of it in the form of a thin sheet
into the reaction dish., The thin sheet of fuel then contacts and
slowly mixes with the oxidizer and chemical :u;uction ensues. The
ignition delay 1s defined as the time interv:i'. between the first con~
tact of the reactants and the instant that v:l;.t»ible light emission
begins. The delay time is meacured by an inge:f}‘nicms electronic timer.
The weir-lipped cup and the reaction dish i‘orgji'x the plates of a condenser,
the capacity of which is abruptly altered whe;) the fuel contacts the
oxidizer. This capacity change is converted f’i;«.nto a small voltage pulse
that triggers a single sweep generator. The sutput of the single sweep
generator is fed to the horizontal plates of a cathode-ray oscilloscope.
The beginning of visible light emission is sensed by & phototube, ampli-
fier combination the output of which is fed to the vertical plates of

— —— -
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the oscilloscope. The intensity modulation electrode of the oscilloscope
is connected to a sinusoidal oscillator of accurately kmown frequency.
The oscilloscope trace is then a series of dots, the recording of which
is accomplished by photographing the screen of the cathode-ray tube,
Counting the number of dots from the start of the trace to the point at
which it is vertically deflected gives the ignition delay.

The data obtained with the refined open-cup apparatus were found
to be accurately reproducible. The systems nitric acid vs. aniline;
nitric acid vs, furfuryl alcchol and nitric acid vs. aniline, furfuryl
alcohol mixtures were studied. The system aniline vs. anhydrous nitric
acid showed that the longest ignition delay was O.Ll second at room
temperature, The system red fuming nitric acid® va..aniline was found
to have an_ignition delsy of about 90 maec.. in. the temperature range
15 to }40°C; however, the delay rose. sharply below 15°C reaching 200
msec, at 0°C. There was a similar sharp increase of the ignition delay
of the system white fuming nitric acid™ vs, furfuryl alcchol as the
tempsrature was decreased. At 25°C the delay was about 36 msec., but
at <15°C the ignition delay was found to be about 180 msec. The author
suggested that the sharp increase of the ignition delay was due to
decreased mixing ef’iciency at the lower temperatures due to the rapid
increase in the viscosity of the fuels as the temperature approached. -
their freezing points.

It is apparent from the description of this method that there is
no experimental control exercised over the reacta.’ ratio or the mixing
efficiency so that any effect of a change of the chemical reaction rate
is masked by the mixing effect.

*he compositions of red and white fuming nitric acid are given in
Appendix IIT.
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A study of the ignition delay of the gystems hydrazine vs. uitric
acid, furfuryl alcohol vs. nitric acid and liquid ammonia hydrazirie mix-

22 The rsaetions

tures vs, niiric acid was made by the M. W, Kellogg Co.
were carried out in a small rockst motor. In this motor the res:stauts

were contacted by the impingement of a single fuel stream with & sirgis

oxidant stream. The Jets were located at ome end of a cylindriqul

combustion chamber; at the other end was a simple comvergent nozsle. T

one of the motors used by Kellogg the combustion chamber was msie of

glass; the times from propellant entry to ignition was determines by means

of high speed motion pictures. In another apparatus the chambe:* was made }‘»

of metal; the start of igniticn was determined by a pressure rise method, w‘““r
The moment of impingement was. recorded by .oscilloscope photogruphy, Yy,
advantage being taken of the electrical condnctivity of the reactants.
The moment of ignition was recorded by means.of a capacitance ‘ype
pressure gage and associated electronic apparatus... A capaciterice gage
employs a pressure sensitive diaphragm; motion of the diaphrag.: causes
a capacity change between the disphragm and stationary gage elcments,
This capacity change can be converted slectronically inio 2 voitage
change. Provisions were made to cool the entire apparatus to tempsrie
tures as low as <50°C. The reactant ratio could be varisd by changing
the diameters of the injection jets, allowing more or less of one resc-
tant to stream into the motor chamber.

The results obtained with the small rocket motor werz nct ontirely
reproducitle, The nominal values obtained for the ignition dslay for
optimum test conditions are given in Table 1. Ignition tects were also
nmade for the system white fuming nitric acid vs. liquid aanmoria,
hydragine mixtures., These tests were made In a larger rocke’ motor a%

room temperature and only qualitative observations were meide. Smooth
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CTTEIRC A 4D
LTI S Sl ¥ 1 LT, S RTEVAS =

Temperature, Ignition Deiay,

Reactants in c in msec.
gﬁ%‘aﬁm, 96% - RFNAY 21 3.1 & 1.0
7y razine, 96% - WFNA 21 5.0 £ 1,7
prfuryl alcohol - WFNA 21 16.6 & 2.4

arfuryl slcohol - WFNA -29 22 to Lo
ifydrazine, T1.5% - WFNA 25 ca. 37
Hydrazine, 7T1.58 = RFNA <48 ca. 37
Ammonia, 14.1% hydrazine - RFNA -36 _ 6 to I
Amponia, 9.5% hydrasine - RFNA =35 to 4o ca. 1,
Pusonts, 5.0% hydrasine - RFNA =37 to =47 el

* RFNA, red fuming nitric acid, 243 No,.
**yFNA, white fuming nitric acid, 96% 00,4,
# Sporadic ignition.. - <
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ignition was found for hydrazine conients as low as 4.3%. When the hydra-
sine content was reduced to 2.2%; thers was a noticeable ignition delay
which resulted in damege to the motor. Although somewhat different delay
values were cbtained for differing reactant ratios, the poor reproduci-
bility of the data appeared to mask the effect of this variable,

An ignition delay tester which was very similar to a rocket motor
was described by Bmatch.zh In this apparatus. contact. was also made by
the impingement of two streams; however;. the cambustion. .cMr was cut
awmay to allow visual observation., The delay time again was considered to
be the time difference between first contact and the moment of visible
light emiasion.

In a given rosket motor the reactant ratio uniquely determines the
conditicns in the steady state, i.e., the flams temperature, the chamber
pressure, reaction products;, thrust, stc. The effect of thej reactant
ratio on the ignition delay time, however, is not clsar wheia- the condi-
tions of mixing are unknown as they appear to be in a method involving
the impingement of streams in an wnconfined arsa. If the ccmplete
intemixing of a fuel-oxidant cowbination could be effected in a time
vory short compared to the ignition delay time of the mixture then the

. measured delay would be the true "chemical delay® or induction period.

One would expect a change of the reactant ratio to lead. to a different
chemical delay time. When ignition takes placs before the mixing is
completed, it cannot be known what the local reactant concentrations
were in the fluid element which first exploded, igniting the remainder
of the mixture,

An example of the delay due to incomplete mixing is found by com-
paring the results obitained by Gunn with the refined open-cup apparatus
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with those of the Kellog Co. using the impingement method. The ignition
delay of the system furfuryl alcohol vs. white fuming nitric acid was
found to be 36 msec. at room temperature with the open-cwup apparastus and
16.6 msec, by the impingement method. At -15°C the open-cup apparatus
gave a valus of 150 msec. while at -29°C the impingement method gave a
value of anly 22 to 4O msec. The impingement method would be expected
to yield more efficient mixing than the open-cup method because of the
greater turbulence and impact associated with impinging streams so that
a lowered ignition delay should result.

It was believed at the begimning of the present study that a funda-
mental approach to the phenomena of ignition delay was possible only if
a mixing method could be found in which complete mixing is accomplished
in a time short compared to the ignition delay values. Such a method
is that devised by Roughton, Chance and l!cKinney.

Rapid | Studies
The first comprehensive study of the efficiency of the rapid mixing
of two agueous. sclutions was made by Hartridge and Ranghton.l They were

. intereated in mixing in.order to.study.the kinetics of rapid reactions in

solution. The baaic.schene of the method was to contact two reactant
streams in a confined area.  Several mixing patterns ware tested. The
nost efficient one was found to be a "T" shaped mixer; the reactants

each entered one leg of the "I" and the mixed sclution emerged from the
third leg. The vassages through which the solutions entered the mixer
were called Jets while the passage through which the mixed solution flowed
was called the cbservation tube. Two arrangsments of the jets were found
to perform about equally well at high flow rates, In one of these t-he;
Jets were directly opposed to each other while in the other the jets were
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directed tangenti:ily into the cbservation tube. The tangential arrenge-
aent was found to be better at low {low rates. Some of the methods used
by Hartridge and Roughton to test the mixing efficiency of such ¢ mixer
will be briefly reviewed in the following parsgrsphs.

In one xixing test 0.01 N HCl was reacted with 0.0l N NaOH contsining
phenolphthalein, The solution in the cbservation tube was slightly cclored;
however, when some was collected and allowed to.stand the color disappeared.
The flow rate of the alkaline eclution was then diminished until the color
in the observation tube just disappeared. A sample of the outflow in this
case had a final pH of 5.6... Assuming that the chemical reactions are
infinitely fast in this case, it is possible to calculate the mixing error.
It is necessary to assume that some color still remains in the cbservation
tube. The authors estimated that at the worst 1% of the phenolphthalein
was colored in the original stream. Since phenolphthalein is colorless
below a pH of 9.6, they assumed that the colored portion of the stream was
nade up of 1% wmixed alkali having a pH of 9.6; the bulk of the solution
had a pH of 5.6 so that the efficiency of mixing in the observation tube
was

. b9.97 , L9.988 _ oo
E - 100x 3 * T3 - 7%

where 149.97/50.03 is the mixing ratio necessary to produce a pH of 9.6
and 49.988/50.013 is the ratio necessary to produce a pH of 5.5. Under
these unfavorable assumptions the fluid at the exit from the mixer had
the following composition:

1% is mixed 99.8% (pH  9.6)

1€ is mixed 99.8%8 (acid predominating)
964 is mixed 100.0%
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In a later ‘study by RoughtonZ> and in ane by Roughten snd Millikan>"

another mixing test was employed. This method depends upon the fact that
the smount of heat liberated by a chemical reaction is a measure of the
anount of reaction. In this test a very fine thermocouple is inserted
into the observation tube so that temperature meazurement isz possible at
any point in ks tube. The reaction of NaCH with HCl, which was considered
to be infinitely rapid, wag rua in the appuratus. The tompewine: rise was
measured during steady-stute flow conditions at a sumber of pai.i; at
varying distances from the mixer. A% 2 sufficient distance domastream the
temperature rise reached a constant value corresponding to complete mixing.
The percentage of this total temperature rise measured at some point near
the mixer was then equal to the percentage completion of the mixing at

this point., The quantitative results cbtained by this method will be -
discuased in_ a later paragraph.

A great number of successful kinetic. studies of reactions in solution
were made by the method of Hartridge and Roughton. A number of different
methods were used to Jetermine the extent of reaction at poinis in the
observation tube. The results obtained by various investigators for the
velocity constant of the carbonic acid decomposition are shown in Table
2 in order to illustrate some of the analytical methods that can be used.

Table 2. Values of k, the Velocity Constant of the Reaction26

Value at 18°C

Nethod in seco'l
Thermal 12,1
Conductivity 12.7
electrode 10.2
Colorimetric 12.9
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A thorough :‘analysis of the flow method for use in kinetic studies

was made by Chanoe.z

His analysis included a study of the power necessary
to drive solutions through "I* type mixers as well as the mixing efficien-
cies obtainable by the method. Chance used the photoelectric recording
method exclusively, studying reactions accompanied by a color change. In
this method a light beam is passed through the cbservation tube; the
amount of light absorbed by the mixed solution is a measure of the extent
of reaction: Chance found that at high flow velocities a phenomenon known
as cavitation made photoelectric measursments impossible. Cavitation is
a separation of the fluid elements of the siream caused by extreme
turbulence resulting in optical inhomogeneity, Chance found that the
angle the jets made with the observation tube had an important effect on
this factor. By using a compromise between the tangential arrangement
and directly opposed jets, flow rates up to 2300 cm. per sec. could be
used before cavitation interfered with the recording method. A study of
numerous mixer and observation tuhe combinations was mada. An empirical
equation; Eq.. 13; was developsd from which the expected flow rate could be

calcnlated knowing the ddmexsions of the mixer and the pressure drop across

L}

the mixer:
2
v2 AP Ay
(13) - X,
where V 4is the total volume flow rate, in cc, per sec.,

AP is the pressure drop in 1b. per sq. in.,
A, is the area of the observation tube, in sq. mm.,
K, varies from 0.3 to 0.8.

The mixers were studied only for the case where equal volumes of veactant
solutions were contacted. The effect of the jet diumeters and nusber of
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Jets on the flow rate is not clear from the data. In general jel diam-
sters from 0.5 to l.4 mm. and observation tube diameters of 0.5 to 1.8
mm. were used with no apparent regard for the observation tube diameter,
jet diameter ratio.

The efficiency of mixing was verified by Chance. by. running reactions
known to be very fast. This was accomplished by using. reactions showing
bimolecular characteristics.. The rate of the reactions were determined
in very dilute solutions; the concentrations were increased until the
system could no longer follow the reaction rate, At these concentrations
it was the mixing rate then that was measured. The reaction between
iodine and thiosulfate, the concentration of each reagent being 5 x :l.(:""h N,
is about 96% complete in 0.3 msec. (the shortest measurable time with
Chance’s apparatus), The mixing was shom to be at least 98%:complete at
the observation point (10 mm. from the mixer) at all flow velocities by
increasing the thiosulfate comeentration., The reaction between ceric
sulfate and hydrogen peroxide was similarly shown to be immeasurably
rapid at sufficiently high concentrations. The mixing efficiency was
again shown to be better than 98% in all cases. Since the photoelectric
error was of the order of 2%, the estimate of 98% wixing may be

conservative,

method was used to verify the mixing efficlency. In this method two
solutions having different optical properties were mixed. The approach
to optical homogeneity was taken as the critericn of the extent of mixe
ing. During mixing there is an appearance of turbidity due to miltipls
refractions of the flluminating light; eventually the solution clears.,
The light transmission changes that occurred during the mixing of water
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and a 20% aqueous sumonium sulfate sclution were followed by a photo- -
electric recording method. 7

The quantitative results cbtained for the mixing efficiency in "I"
type nixers was reported in great doﬁil in a recent comprehensive review
of the subject of rapid reacticns in solution by Roughton and Chance .2
The data are summarized in Tables 3 and k.. In Table 3 the apparatus and
method are indicated and in Table ) the results are shown. The final
column of .Tahls L is the product of the linear velocity of flow through
the observation tube and the time required to achieve 97% mixing. This
distance is clearly the distance that the solution had to flow from the
point. of initial contact to the point at which miring was 97% complets,
It wes pointed -out hy Roughton that the data of Millikan shows that this
distance dacreased as the flow velocity was. incre.ased for. a given mixer,
It is thus apparent that mixing ;mplete to within a few per cent can be
obtained in a rapidly flowing stream in a distance of less than a centi-
meter, The data shown in the tables refer only to the mixing of aqueous
golutions. Only one refesrence was made to the mixing of phgrsically.
different liquids. Ronghtonl brought together a paraffin oil and water
in a "I type mixer and found that a very fine emulsion was formed.'

It is instructive to consider what concentration gradients exist
in a solution that is 97% mixed. The distribution of concentration must
certainly be statistical. It is very unlikely that 3% of the originsl
reactants remain together at their original concentration, rather the
rlnée of concentrations must all be very close to that corresponding
to complete intermixing.

In all of the rapid reaction studies made by Roughton, Chance and

their followers the pressure drop across the mixsrs never exceeded one
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Table 3. Tests of Mixing Efficiency, "T" Type Mixers
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Author

Apparatus

Test

Hartridge and
Roughton.

Roughton. .

Milliksn

Chance

Dalxiel

Trowse

Chance

8 jet metal mixer

8 jet ebonite mixer

3 way glass T-taps
.bom 1-5 .

i jet Bakelite tap
mixer, Jeis
0.5 mm,

8 jet polystrene,
Jets O.4 ma,,
tube bore 1.0 mm,

2 Jot glass mixer,
0.5 m. bore
1.0 mm, bore
1.0 nmm. bore

2 Jet glass mixer,
0.7 mm. bore
0.5 mm. bore

L jet all glass
mixer, 0.5 mm.
Jets, 1.0 mm,

bore

HCl, NaOH, Colorimetric
HCl, NaOH, Thermal

HCl, NaOH, Thermal

HCL, NaOH, Thermal

12 ’ 5203" s Colorimetric

nzml" m, mer
HySO),, NaOH, Thermal
Hy80),, NaOH, Thermal

Light Transmission
Light Transmission

Peroxidase,
20 Colorimetric




—~—— T

22

Teble L, Results of Mixing Efficiency Tested

Flow rate in the Maximum time, in Distance,
Author observation tube, msec., for mixing in mea,

Hartridge and 345 - 0.3 - 1.0
Roughton 1000 - o.h - k.0
Roughton Loo 10 - - -
¥Millikan 268 - 0.5 2 1.3
175 - 1.5 7 2.6
100 - k.o 20 4.0
Chance 2300 - ooh - 9.2
Dalziel 1o - - 1 -
280 - - 5 -
lh»o - - 8 -
Trowse Lo 0.9 1.3 3.0 5.7
995 0.5 0.6 0.8 6.0
Chance 1000 - 1.0 - 10




or two atmospheres. The first attempt to extend the range of the method
using high pressures was made by Kilpatrick and MoKinney>’27»30s31 myey
wanted to study rapid reactions in solution in which a gas is evolved,
The steady flow method of Chance was clearly not suited for this type of
reaction. It was necessary to mix a useful guantity of reactants, stop
the mixing and begin static measurements of the gas ovolﬁtion. This was
accasplished through the use of a constant volume bowb reactor made
entirely of stainless steel, In .this. apparatus the reactants were driven
through a conventional *T" mixer hy means of. floating pistons which in
tum were driven by high pressure nitrogen gas. The entire quantity of
reactants, 25 ml. of one solution and 1.0 ml. of a second solnt;ton, was
injected into a closed volume. in about 10 msec.; .static pressure rise
measurements were. then made., The efficiency. of mixing was determined by
running the reaction represcited by Bg. 1h:

(1)  Ca(n0y), + SHyO, + 3HyS0), —> CaSO) + 2MnSOy + 50 + SHO

Using concentrations of the order of 107" N, Chance? found the velocity
constant of the reaction to be 2900 liters per molc second. With this
value of the velocity constant, and with concentrated solutions (1 ml.
of 50% Ca(Mn0)), and 25 ml. of 15% Hy0p which was slso 3M in H,50,), the
helf time of the reaction was estimated to be 55 microseconds. Under
these conditions, the reaction was assumed to be essentially instantane-
ous, The mixing time was evaluated by measuring the pressure rise due
to oxygen evolution. Oxygen evolution was found to be complete in about
10 maec. The efficiency of mixing was further verified by noting that
the permanganate color was completely discharged at the end of a run,
The principel difficulty experienced by Kilpatrick and McKinney
with the bomb reactor resulted from the possibility that the two floating

23
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pistons might not descend at the same time, The two pistons are not
connected mechanically so that any excessive static friction could delay
the start of motion of one of the pistons and severely affect the mixing
efficiency. The bowb reactor of Kilpatrick and ncm will be discussed
in detail in a later chapter since it was used in connection with the

present research.

» g_eiacticnn. of Sodimn-Potassive Alloy

The resction of sodium~potassium eutectic alloy with water and
ethanol was stndied by McKinney md'_xilpatrj.ck.Bo The. composition of
the liquid alloy corresponded roughly to the formula NaK,. The reaction
with ethanol is represented by Eq. 15:

(15) NsK, + 3 CoHgOH -——3 1.5 Hy + 2 CoHgOK + CoHgONa
and the reaction with water is repreaanted by Eq. 16:

(16)  BHaX, + 3 H,0 —> 1.5 Hy + 2 KOH + NaOH

The pressure rise in the reaction with excess ethanol was found to follow
an approximately first ordsr law. 7The half-time of the reaction was found
to be about 6.2 msec, The authors point out, however, that the reaction
is probably heterogeneous and that the first order characteristic might
be a fortuitous combination of effects since the injection time is
comparable to the observed half-time.

The pressure, time curve obtained in the case of the reagtion of
the liquid 2lloy with excess water showed two large maximsa. The first
maximum occurred about 5 msec. after the beginning of injection. The
prexsurc then decreased to about that expected from the theoretical
yield of hydrogen according to Eq. 16 in sbout 30 msec. A second sharp
maxiwum occurred about LO msec, after injection. The first msximum
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could be attributed to the heat evolved by the reaction; it was unlikely,
however, that the second maximum wa3s also due to the heat of the simple
reaction represented by Eq. 16. _

At the cutset of the present research, it was considered likely that
the second pressure peak might be due to an explosmion of the hydrogen
evolved by the reaction with the oxygen of the air preaez;b initially in
une reactor. If true, this would present an interesting example of a
delayed ignition. In view o:f this it was decided to begin the present
research with a further study of the alloy, water reaction.
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CHAPTER II
REACTOR DESIGN

Two different constant volume reactors were used during the course of
this study. One of these was designed and built by Dr. C. D. McKinney, Jr.
and described by him.” This reactor will be referred to as Reactor I.
Another reactor, which is specifically sulted for the study of ignition
delay, was designed and built during the course of this research. This
reactor will be referred to as Reactor II. |

Reactor I

Although Reactor I is adequately described in the thesis by McKinney ,3
the basic features of it will be reviewed.. A cross-sectional assembly
drawing of Reactor I and the pneumatic injector is shown in Fig. 1, The
pneumatic injector is mo:\mtad above the reactor; it functions as a quick
opening valve discharging high pressure nitrogen gas into the area behind
the two pistons. The injector is identical to one described by Neas,
Raymond and Ewing.3 2 The driving gas, nitrogen at pressures up to 2000
1b, per sq. in., is charged into the storage reservoir A. To start a
run, the cocking b_lock B is rotated clockwise by means of a solenoid
(not shown in the drawing) or by hand. This shows the toggle C off-
center, allowing the gas in the storage reservoir to move the valve D
outward, rotating the toggle until it strikes the brass impact pad shown
in the drawing as a small upward projection in the center of the cocking
block. When the valve opens, the pressure of the driving gas is
camunicated to both floating pistons. It is important to note that
any leakage of gas through the valve gaskets could not drive the pistons
down prematurely because of the presence of a small pressure release

duct. The motion of the valve seals off this duct preventing leakage

26
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Fig. 1. Cross-sectlonal Assembly Drawing of Pneumatic Injector
Z' and Bomb Reactor I.
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during the normal operation of the pneumatic injector., The expanding gas
also. forces the movable contact E to the left, cauaing it to strike the
fixed contact which is insulated from the body of the injector. The
closing of the contact initiates the time base of the recording systen.

The two solutions to be mixed are contained in the cylinders at J
and F. The cylinder J contains 25 ml. of one reactant sclution and the
cylinder ¥ contains 1 ml. of the other reactant solution. The pressure
of the driving gas on the floating pistons forces them downward, driving
the reactants through the jets located in the small and large injection
plates G and K into the mixing chambar and out into the body of the bomb
H where they react to completion. The two jets are directly opposed.

The gaskets used to seal the vaive in the pﬁemtic injector arc
neoprene rings which are closely ground to fit the valve cylinders.

The gaske%s are lubricated with powdered graphite. . The gaskets on the
floating pistous are also neoprene rings lubricated by powdscred graphite.
They serve to prevent the driving gas from directly entering the

interior of the reactor. They must also prevent leakage of the product
gases from the interior of the reactor to. .the atmosphere cnce the

driving gas.pressure has been released. .If the piston gaskets are too
tight, the start of motion of one or both of the pistons‘may be seriously
delayed. The plston gaskets must therefore be ground to a very exacting
tolerance.

During the present study it was found necessary to add a window to
Reactor I so that the presence of an ignition could be verified photo-
electrically or visually. The window :s made of Plexiglass (one-quarter
inch thick) and provides a direct view of the area immediately surround-
ing the mixing chamber. The important parts of Reactor I, including the
window assembly, are shown in Fig. 2.



SE 52 ke vl e v

e o

29

S

e e i o s i et e ettt e

)

Fig. 2. Reactor I, Showing Injection Plates, Pistons and
Window Assembly.
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Reactor II

Reactor II was designed specifically for the atudy.of self-igniting
fuel, oxidant systems. For this purpose it is neceasary to contact more
nearly equal volumes of reactants than in_the case of Reactor I. A
crosse-sectional assexbly drawing of Reactor II is shown in Fig. 3. The
sape pnewmatic injector that was described in conjunction with Reactor
I is used with Reactor II, The reactant solutions are contained in the
cylinders at A and B. During injJection the driving gas is communicated
to the driving piston C. The driving piston in turn forces both of the
smaller pistons D and E to descend. The reactsnt solutions are then
forced to flow into the jets in the mixing plate F and into the mixing
chamber or exit tube G where they enter the body of the reactor H and
react to completion. The baffle plate J can be attached to the mixing
plate or it cen be dispensed with, If it is used, it serves to ensure
complete .mixing by breaking. up the effluent. siream immediately as it
leaves the mixing chamber G. .It alsoc serves to reflect any emitted
light directly into the observation arms M. One.observation arm of
the reactor is closed with a plaxiglass window and the other joins with
the piping leading to the strain gage... Two valve hlocks, each attached
to a stainless steel needle valve, can be interposed between each
observation arm and the measuring apparatus, if needed.

Reactor II was designed to allow for immersion in a low temperature
bath, For this purpose the reactor is as campact and as light in weight

. &8 possible. The ocutside diameter of the main cyliinder block L is only

five inches. The cbservation arms are directed almost vertically so
that the apparatus to be used to follow the changes of pressure and
light emiasion can be located well above any thermostatic bath.
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Reactor II, just as in the case of Reactor I, is constructed entirely
of stainless steel. The driving piston was machined %o .a close fit with
the large cylinder so that no gasket or lubrication is required. A slight
leakage of driving gas past the driving piston could not affect the
measured pressure in the reactor because this gas is vented to the atmos-
phere through the air escape ports K. The gaskets on the smaller pistons
mst withstand the pressure of the product gases from within the reactor
and must prevent any back-flow of the liquid reactants during injectiom.
A number of different gasket arrangements were used on the smaller
pistons., These will be discussed in a later chapter. It should be
pointed out, however, that the pistons are constructed in several parts,
so that it is possible to remove the lower part of the pistons and attach
a_gasket material such as Teflon that could not be streiched over a one-
Plece piston and attachad in that way. The upper gasket must; however,
be of neoprene or another rubber because it must be stz;etched over the
steel piston end set into place.

The importent parts of Reactor II are shown in Fig. 4. The mixing
plate F shown in Fig. 3 and in Fig. L and used throughout this research
was designed according to the principles established by Roughton and
Chance., It is apparent from Fig. L that other mixing plates having
entirely different mixing patterns could be substituted for mixing plate
F without requiring a change in any o¢f the other reactor parts. In a
similar way another cylinder block could be substituted for cylinder
block L. This would allow the selection of more than a single reactant
ratio without requiring the design of an entirely new reactor. |

Another cylinder block was designed and bulilt to previde a range
of possible reactant ratios. The original cylinder block showm in
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Fig. L has two cylinders of equal diameter providing a single ratio of one

to one. The new block has cylinders of unequal diameter providing a
reactant ratio of approximately four to one. Fittings weré constructed
which made it possible to dscrease the diameter of the larger cylinder
so that two more reactant ratios could be realized:. a two te one ratio
and a one and one-half to one ratio. Several additional pistons had to
be constructed to fit the new cylinders. The two cylinder blocks, the
fittings and the pistons are shown in Fig. 5. The measured cylinder
diameters and the exact values of the volume ratios obtainable with
Reactor II are given in Table 5.

Table 5. Dimensions of Reactant Cylinders, Reactor II

Diameter of Diameter of

Nominal . larger . smaller

raactant cylinder, cylinder, Reactant
ratio inches inches ratio
1 1 0.3135 0.3135 1.00
105 s 1 003135 00257 1.,49
2 :1 0.376 0.257 2,14
L 1 0.502 0.257 3.82

Several additional mixing plates were designed and built to provide
a number of possible mixing patterns. The mixing pattern provided by
the original plate has the form of a "T", The other basic pattern that
can be cobtained with the new plates has the form of a "YI"., Several
subplatss were constructed to fit beneath either main mixing plate.
These plates have single holes in them so that the mixed solution
emerging from the maiﬁ mixing plate could be made to flow through
additional lengths of a confined passage.

[



Fig. 5. Cylinder Blocks, Fittings and Pistons, Reactor II.
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Reactor II has several design advantages over Reactor I. The fact
that the two pistons must begin descent at the same instant and must
travel at the same rate ensures wmiformity of the mixed asolution.
Reactor II is much more powerful than its precursor. A substantial
hydraulic advantage is achieved by having a single large piston drive
two smaller ones. The piston gaskets do not hawve to withstand the
pressure of the driving .gas. Reactor II is aumited for immersion in a
thermostatic bath and is lighter in waight than its precursor. Resctor
IT is easily adapted to. a change of the mixing pattern or a change of
the reactant ratio,

Measurement, of Transient Pgesam

The measurement of the transient pressure of gases in either reac-
tor is the principel means of following the course of the reactions
under study. The pressure measuring system to be used must have a very
rapid response. The methods used by McKimney appeared to fulfill this
requiremsnt adequately. The recording spparatus designed and built by
him was used with only a few minor changes. Although the method is
described in detail by McKinney, the essentisl features of the method
will be reviewsd here.

The pressure sensitive element is s diaphragm itype strain gage
manufactured by the Statham Laboratories, Inc., Los Angeles, California.
In this instrument the gas preasure is applied to a metal diaphragm
which is thereby deformed. The motion produced is transmitted to a
series of strain wires whose eleciricai. resistance depend upon the
degree of strain. The wires are arranged in ﬁhe form of a balanced
bridge within the pressure gage itself, Thiec wmbalance of the bridge
is then a measure of the gas pressure acting on the disphragm. The
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gage elements are stated to have a natural frequency in excess of 2000
cycles per second so that the gage should faithfully reproduce pressure
events occurring at: £mq1ﬁncieo up to this value.. .The output of the
strain gages is stated to be strictly proportional to the applied pres-
sure, Originally two such gages were available: one having a ranée

0 to 50 1b. er sq. in. and the other 0 to 150 1b. per sq. in. The
range of these gages was not high enough for the proposed study involve
ing high energy fuel-oxidant systems. Two other gages, one having a
range O to 100 1b, per sq. in. and the other 0 to 500 lb. per sq. in.,
were purchased. The new gages have a special overrange feature: the
sualler one will withstand a pressure of%kSO 1b. per sq. in. and the
larger one 1750 1b. per sq. in. without damsge.

The bridge of the strain gage is supplied with A C current of
variable frequency. This is accomplished by means of a variable
frequency audio oscillator in cinbin&tion.nth_ a. power amplifier,

The A C voltage applied to the gage is about 10 wvolts RMS; the output
of the strain gages is about 20 millivolts RMS at full rated pressure,
An A C voltage amplifier is used to increase this voltage to an amount
suitable to deflect the beam of.a cathode ray tube. The amplified
unbalance of the strain gage is applied to the vertical plates cf a
cathode ray tube. In order to record the transient pressure during a
reaction, L] time base generator is used to swesp the cathode-ray beam
across tho tubo acnon. An accurately timed pulse generator is
uployod to make tining narks on the cathode-ray trace.

The co-ponontn or tha pressure muur.ug system are showmn in a
block diagm :i.n F.Lg. 6. The oscilloacope is a Du Mont, Type 274.

The ontput of the time base go,mrator is applied to the horisontal
j:htoa of the oscilloscope. The time base generator supplies an
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approximately linear sweep to the cathode-ray beam. The sweep is
triggered by the closing of the bomb contacts located in the pneumatic
injector. The pulse generator supplies sharp pulses occurring at an
accurately known frequency to the intensity modulation electrode of the
cathode-ray tube, This has the effect of blanking the cathode-ray beam
at regular intervals. The ultimate pressure record is obtained by
photographing the screen of the cathode-ray tube.

The audio oscillator has a range of 2 to 17,000 cycles per sec.
in five overlapping ranges. Excellent amplitude stability is obtained
because of the ﬁxem:!.stor control network that is incorporated into the
oscillator.

The power amplifier employs two 6V6 tubes in a conventional class
ABy push~pull circuit capable of delivering about 10 watts of audio
power. This is an ample reserve of power to avoid distortion since the
Statham gages require a power ipput.of only Q.5 watt. The amplifier is
terminated in a 500 ohm.line to match the input resistance of the
Statham gages, The amplifier output is permanently connected to a
panel voltmeter, the disl of which has 25 arbitrary voltage units. The
neter is set to read 20 units when the voltage output of the amplifier
is the correct valve (ca. 10 volis) to supply the strain gage. Before
each experiment the output voltage is adjusted to twenty units to ensure
the reproducibility of the preasure calibraticn. The power amplifier
circuit also has provision for the external balancing of the bridge
contained within the strain gage. The bridge nust be balanced both
resistively and capecitively.

The voltage amplifier is stabilized by large amounts of negative
feed-back. The galn of such amplifiers is almost completely unchanged
by small fluctuations of the power supply voltage and by changes in
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tube characteristics., The amplifier has five gain ranges varying from
1800 to 120C0. The full scale ocatput of the strain gages was estimated
to be 20 millivolts RMS. At & gain of 1800, this provided 36 volts RMS
with which to deflect the cathode-ray béam. The amplitude of the
oscilloscope trace depends not upon the RMS voltage but upon the peak to
pesk voltage. Thirty-six volts RMS is equivalent to 102 volts peak to
peak. The deflection sensitivity of the cathode-rsy tube used in the
Du Mont instrument is about 30 volts per inch so that the full scale
amplitude was expected to be almost 3.5 inches.

The time base generator and the pulse generator have also been
described. by McKinney; however, it was found necessary to make several
changes in these circuits. A schematic diagram of the revised time base
generator, pulse generator and some of the switehing circuiits are shom
in Fig. 7. A discussion of the revised switching cirewits will be given
in a later section.

For the normal operation of the time base generator and the pulse
generator switch SK-1 must be in position III and switch SW-2 in posi-
tion B or C. The closing of the bomb comtacts provides a sharp positive
pulse to the condsnser C5. This causes the thyratron V3 to fire
decreasing the plate voliage to a low value in a few microseconds. A
sudden deflection of the cathode-ray bsam across the tube screen resulis.
The original plate voltage of V3 is gradually restored. The rate of
rise of the plate voltage is determined by the RC product selected by

switches SW=3 and SW-L. The riss of the plate voltage causes the cathode-

ray beam to return to its original position at a predetermined rats,
The time range with Cll is about 0.0l to 0.30 second, with C6 it is
about 0.09 to 0.8 second, and with C7 it is about 0.6 to 11 seconds.
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Circuit Constants for Time Base (snerator, Pulse

Generator and Switching Circuits (See Fig. 7)

p— -

Component

Component .

Circult. constant. Circuit constant
Rl, R11, 100K potentiometer cl, G2, C3,. 0.1 mfd, 40O ¥
R33 c6, Cl12
R2 500 ohms ch 10 mfd, 25 V,
R3 900K electrolytic
2 I potenticnets c5 0.2 mfd, LOO V
poten T c7 1.0 mfd, 40O V
RS 50K ¢8, €9 8-8 med, 40O V,
R6 1500 chms dual electrolytic
R7 S00K potenticmeter Cl0 25 mfd, 25 V,
18 oK electrolytic
C. .
R9 600 11 0.01 :fd, Loo v
R10 30K n Type :“
k]
nam v e 2050
R2S L Vi Type
R26 100K v Type 5UL G
R2T 1100 chms V6, V7 Type OD3/VR 150
SWl., SwWe Lever action switch
R28 5K ? L circuits, ’
R29 10K 3 positions
R30 5K potentiometer, Sn3 Selector switch,
wire wound 1 circuit,
*
31 10K o 3 positions
i Selector switch
R32 5K 1 circuit,
BA 90V 12 positions
T {loge; transformer, swe SPST Toggle switch
,,cmdilmm, Y0V | M DPST Push button
ct, 5V, 6.3V switch
S SPDT Toggle switch
CH Chokes, 15 henries




The length of the trace on the screen is contirolled by R30. A 150 volt
power supply located on a separate chassis and shown schematically in
Mg. 8 subplies the voltage necessary to control the position of the
time base on the tube screen by means of the position control Rll. It
will be pointed out in a later section that it is nec.zeasar;-' to provide
two oscilloscopes with an identical time base. This could be done ty
2imply connecting the plate of V3 through Rll to the horizontal deflec-
tion plates Dl of two oscilloacopes; however, it is deairable to control
the position of the time base on the.oscilloscopes. independently. This
is accoaplished through the use of a separate position control R33.

The original circuit described by McKinney employed a different
network to provide the positive pulse to C5 to initiate the time base.
With the original circuit the frame of the pneumatic injector and hence
the entire reactor had a positive potential of 50 volts with respect to
the chassis ground during the course of a run. With the present cireuit
80 long as bomb contact A is connected to the injector frame, the entire
reactor is electrically grounded at all times. It was delieved that
this would contribute toward decreasing the pick-up of random electrical
disturbances. . The original circuit bad only two time base ranges; the
third and most rapid one was found to be necessary for the present study.
In the original circuit a 135 volt battery pack was used to provide the
positioning voltage. The batteries became rapidly exhausted in this
application so that a more convenient line operated power supply was
built,

The pulse generator, shown in the upper left hand corner of Fig.

7, serves to provide accurate timing of the pressure trace by blanking
the cathode-ray beam at regular intervals, The unit is essentially a
relaxation oscillator producing sharp negative pulses., The frequency
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Table 7. Circuit Constants for Auxiliary Power Supply
(See Fig. 8)
Component, Circuit constant
Rl 12 K, L watt
c1, C2, C3 8-8-8 mfd, triple electrolytic
n Type 5Y3 GT
;2 Type OD3/VR 150
T Power transformer, 110 V rimry,
secondaries: 480 Vet, SV, 6.3V
CHl, CH2 Filter choke, 35 henries
SW

SPST toggle switch
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of repetition of the pulses is accurately controlled at a value of
120/n cycles per second, where n is a small integer, by synchronisation
with the 120 cycle component of the rectified line wvoltage. With the
synchronization control Rl turned off, the oscillation frequency can
be controlled with Rh. Setting Rh to produce approximately the desired
frequency, the synchronisation control Rl may be adjusted to "lock in"
the desired frequency. The amplitude of the pulses is controlled by
R7. The frequency values that can be cbtained with the wnit are 120,
60 and 30 cycles per second. The output of the pulse. generator is
supplied direcly to the intensity modulation electrode. of the cathode-
ray tube. The sharp negative pulses then cause the cathode-ray beam to
be blanked at the synchronized frequency. Immediately following each
negative pulse, there is a slight positive voltage awing which causes
a slight intensification of the cathode-ray beam, making the timing
marks even more pronounced.

In the original circuit, described by McKinney, the oscillator
was synchronized directly with the 60 cycle line, -Frequency valuss
of 60, 30 and 20 cycles could be obtained., Because of the faster
time base to be used in this study, it was imperative to have a timing
Irequency of at least 120 cycles.

The final record of the oscilloscope trace is obtained by photo-
graphing the screen of the oscilloscope. The camera is a Burke and
James L x 5 inch view camera equipped with an f.5 lens. A shield
surrounding the camera lens and the oscilloscope screen prevents stray
light from entering the camera. In normal operation, the camera shutter
was opened before a run and remained open until after the run. The
cathode-ray tube employed for this purpose is a 5 BP1lA having a blue
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fluorescence that is particularly suited for photographic purposes.
Eastman Kodak Super Panchro-Preas, Type B film was used.

Measurement. of the Final Pressure of the Product Gases

It was believed that important information might result from
accurate knowledge of the final pressure of a reaction carried out in
the reactors. The preasure at infinite time cammot usually be obtained
from the transient pressure trace for two reasons: (1) The transient
pressure can be followed only for a short time if it is desired to secure
good time resolution during the early stages of a reaction. This is
particularly true in the case of an explosion where the reaction products
may not cool to room temperature for some time. (2) The transient
pressure during the early stages of a reaction is usually quite a bit
higher than the final pressure. The resulting final amplitude may be
too small to allow accurate measurements. Four different methods were
used to obtain final pressure data during this research.

In some of the early runs with Reactor I the final pressure was

measured by a metal Bourdon gage that was permanently comnected to the

reactor. The gage has a range 0.to 160 1b, per sq. in., and was
manufactured by the Marsh Co. In many mms, however, the. final pressure
was less than 10 1b, per sq. in. The Bourdon gage can give only a crude
estimate of the pressure in this low range.

In later runs a mercury manometer was comnected to one of the
valves leading to the reactor by means of rubber tubing. The valve
was opened a few seconds after reactant injection, expanding the product
gases into the tubing leading to the manometer. The final pressure can
then be read from the manometer; a slight correction has to be made for

the increase of the gas volume, {
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The manométer method was not sultable for measuring the final pres-
sures of the high energy fuel, oxidant reactions carried out in Reactor
II. The finul pressures weie well above two atmospheres in this case.
The Bourdon gage could not be used either because of the very high
transient pressures incurred in the early atages of reaction. It was
dscided to use, instead, another strain gage. For these high energy
systems, the 500 1b. strain gage had to be used for the transient
pressure measurements, so that the 100 1b. gﬁge was available, It was
considered likely that a Model 555 Osecillograph manufactured by the
Midwestern Geophysical Laboratory would be very suitable as the record-
ing instrument inasmuch as that instrument was available :I.n the
laboratory. The Midwestemn instrument employs a rapid responses mirror
galvanameter. A light beam is reflected from the galvanometer mirror
and focused on a photu,raphic strip chart. The cl;art moves with a
continuously varisble speed up to 9 inches per secand. The galvanometer
used in the oscillograph is a Type 102A-100; it has a current sensi-
tivity of 0.009 milliamperes per inch and a resistance of 30 ohms, The
response is stated to be flat up to 60 cycles per second. With the
oscillograph, strain gage combination, it shonld be possible to fallow
pressure events in the reactor from the time that the pressure first
falls into the range of the strain gage for as long a time thereafter
as is desired.

The associated circuits used with the oscillograph, strain gage
combination are shown in Fig. 9. The oscillograph requires 2 volts
DC at 2,5 amperes in order to operate it. At first the voltage was
obtained from a voltage divider across the 125 volt DC line, It was
found necessary, however, to supply the current needed to run the chart
drive separately from that needed to operate the other components.

g
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Table 8. Circuit Constants for Midwestern Oscillograph,
Strain Gage Combination (See Fig. 9)
Component Circuit constant
Rl L8 ohms, 2.9 A
( R2 175 ohms, 1.6 A
R3 2500 ohms
RLY 9300 ohms
21 Type OA3/VR 75
SW1, Sw2 DPST Toggle switches
(.
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The rheostat Bl was adjusted to supply 2L volts to the chart drive motor
when it was operating, and B2 was set to supply 2L volts to the other
components. In order to supply the bridge of the strain gage with a
constant current, a VR-75 voltage regulator. tube was connected across
the DC line through R3. The voltage across the VR-75 tube is constant
to within a few per cent in spite of normal line wvoltage variations,.

Tae oscillograph containg a timing circuit capable of placing
evenly spaced timing lines across the entire width of the strip chart.
The circuit may be adjusted to a frequency of 10 lines per second or
100 lines per second. The lines represent equal time intervals;
however, the day to day stability of the circuit was not satisfactory.
In o‘rder to provide a time calibration, an electric timer was included
in the circuit, By closing SW-1 the bridge of the strain gage was
energized simultanecusly with the starting of the electric timer. The
amplitude of the pressure trace was set at approximately three inches
cn the strip chart for the full scale output of the strain gage by
adjusting Rhi. With this setting, the voltage across the bridge of the
strain gage was about 5 volts. The maximum allowable voltage for the
strain gage is 17 volts so that a wide safety factor was obtained.

The procedure to obtain a pressure va. time record is as follows:
The unit is turned on by means of SW-2 and allowed to warm up. The '
strip chart motor is then started by means of SW-3 located on the panel
of the Midwestern Instrument, After allowing a few seconds for the
chart motor to reach a constant speed, SW-1 is closed actuating the
electric timer and causing a slight break of the galvanometer trace as
the bridge of the strain gage is energized. The pneumatic injector is
then fired causing the reaction to occur, After a suitable time SW-1l

[P
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is opened, the timer stops, and the trace returns to its original
position., Counting the number of lines corresponding to the time read
on the electric timer gives a calibration of the frequency of the timing |

lines for every run. The length of time of the record is controlled
essentially by the length of strip chart one wants to handle. The chart
is Kodek Linagraph Paper, #3809, Spec. #1 and must be removed from the
oscillograph cartridge in complete darkness. The paper is developed L
minutes in a 1l:1 solution of Kodak Dektol Developer,

If pressure measurements are required to extend for more than a
ninute, it is preferable to simply restart the chart drive and close
SW-1 recording for a few seconds only. Timing in this case may be
effected with a stopwatch or another electric timer.

In many of the fuel-oxidant reactions studied by means of the
Midwestern instrument, the final pressure was observed to decrease with
time indefinitely indicating the presence of a leak in the reactor
(Reactor II). The leak was undoubtedly through the piston gaskets,

It was found to be very difficult to seal the reactant cylinders against
the rather high final pressures encountered in the hydrazine-nitric acid
reaction. It was believed that far less product gas would be lost if
the gases were expanded into a very large volume one or two seconds
after injection, This was accomplished through the use of a large glass
bulb syatem, the volume of which totalled sbout 5 liters. The bulb
system was connected to a mercury manometer and to the valve leading to
the reactor.  Immediately after injection the valve was 'opened and the
product gases expanded by a .factor of about seventeen. This lowered
the pressure so that it could easily be read cn the manometer once the
pressure fell to its final value, The pressure that the piston gaskets
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had to withstand for extended periods of time was thereby reduced from
up to 5 atmospheres to at most 25 cm, Hg. It is very likely that no
leak bceurs ‘through the piston gaskets before about 10 seconds after

injection because of the fact that the driving gas pressure is normally

not released until akout this time. The force exerted by the driving
gas on the pistons should hold them tightly seated for this period of
time,

Although the leakage problem was eventually solved through the
use of more efficient gaskets, the expansion final pressure method was
used to obtain most of the final pressure data reported in this study.

Measurement of gi_gt Emission

The presence and time of occurrence of an ignition can be deter-
mined reliably by light emission measurements as well as by pressure
rise measurements. Most of the previous ignition delay studies have
employed light emission measurements exclusively in order to sense an
ignition.. It was bellieved, therefore, that provisions had to be made
to include light emission measurements in the present study.

Many circuits are described in the literature for the rapid
recording of light intensity changes. In most of these the oscillo-
scope is used as the recording instrument, the final record being
obtained by photographing the screen of the oscilloscope. In all of
these circuits, the.oscilloscope trace conmiasts.of a coatinuous line.
The vertical deflection of the line from its original position is the

measure of light intensity. It was pointed out by McKinney®

in con-
nection with the design of the pressure recording system that single
line traces are very susceptible to random electrical disturbances;

however, if the signal to be recorded can be caused to modulate a

5l
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high frequency carr.ier wave, the effect of many of the disturbances
can be removed. This point is demonstrated by the preassure traces
cbtained by MoKinney. In many of the traces, the envelope was found to
drift randomly about the x-axis of the tube screen. The pressure is,
however, proportional to the amplitude of the envelope so that this
drifting has no effect on the measurements. No entirely suitsble
circuit could be found in the literature in which the photoelectric
signal is made to modulate an audio frequency carrier wave.

S8ince a rather bright flash was expected to result from the
ignitions wnder study, it was believed that a phototube rather than a
photomultiplyer tube could be used as the sensing davice., In the usual
application of a vacuum phototube, a rather high resistance is placed
in uriu with it, A DC potential of anywhere from ten td several
hundred volts is placed across the phototube, resistor combiiation.

On illumination, current can .pna through the phototube and hence
through the resistor. This carrent develops a voltage drop according
to Ohm's law., A larger vo.lue of resistance had; to & larger voltage
drop and thus to a more sensitive circuit., There is, however, an upper
limit to the resistance that can be used because of the need for rapid
ronbonae. The resistance in combination with any stray capacitance
that might exist between the two leads to the resistance forms a low
pass filter section. There is necessarily a large stray capacitance
in the present case because of the fact that the actual phototube can-
not be located on the chassis with the remainder of the circuit
elements. The time constant of such a filter section is equal to RC.
It was considered likely that the stray capacitance did not exceed
0.001 microfarad. A phototube load resistor as high as 3 megohms



t would. then yield a time constant of about 3 msee, This means that for

an instantanscus rise of the light intensity to a definite value, the
voltage drop would rise to only about two-thirds of the final value in

3 msec. The start of the rise would, hmﬁr, coiuneide with the incresse
in light intensity.

a3 Three different circuits were used in the present study in order to
; .u\pliiy the photocurrent to a value suitable to deflect the besm of a
cathode~ray tube. The first cne to be used is shown schematically in

‘* Fige. 10 and will be referred to as Photocircuit I. The power supply to
operate the circuit is located on a separate chussis along with a volte
meter to be used in connection with. the circuit. The power supply and
meter circuits are shown in Fig, 1l. V1 is a 1P39 vacuum phototube.

It is appareht from Fig, 10 that several different phototube load

g ey

resistors can be chosen by means of SW1l, the highest of which has a
value of 3.3 megohms. An AC voltage is applied to the phototube, load
resistor cambination instead of a DC potential. The AC signal is taken
’ from the output of the power amplifier and isolated from it by trans-

| former T. The AC signal from the phototube load resistor is then
amplifidd’ by one section of V2 and supplied to the vertical plates of
the cathode-ray tube. When the phototube is not illuminated there

should be no signal at the phototube cathode and the cathode-ray tube
trace should be a line, It was found, however, that there was sufficient
stray capacitance, shunting the phototube, to give a large signal even
when the phototube was not illuminated. In order to avold a large "dark
signal®, provisions were made to increase the bias of V2 so that the
capacitance Mnt would not be amplified. This is effected by means

of RS and R10. During illumination current flows through the load
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Table 9. Circuit Constants for Photocircuit I (See Fig. 10)

Component d:lrcnit constant
Rl ' 3.3M
R2 1M
| R3 L70K
;’ Rl 270K
| RS, B6 120K
R7 950 ohms
( R8 60K
Rg 300K
R10 10K potentiometer
R11 100K
c1 0.0k mfd, LOO V
’ €2 0.002 mfd, LOO V
Vi Type 1P39
V2 Type 65C7
: T Audio interstage transformer,
: ratio 3:1, primary impedance
' 10,000 ohms
: Snl . Selector switch, 1 circuit,
8 positions
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Table 10, Circuit Constants for Power Supply and Output
Mater (See Fig. 11)

Component Circuit constant
Rl 6300 ohms, 20 watts
R2, R3 M
Rl 1900 ohms
RS 150K
RS 75K
R7 200K
€1, C2 8-8 mfd, 4TS5 V, dual electrolytic
c3 15 mfd, h0O V, slectrolytic
ch, c5 0.1 mfd, 600 V
c6 4O mfd, 25 V, electrolytic
n Type SI3 GT
v2, V3, i Type OA3/VR 75
5 Type 6Q7
Tl Power transformer, primary: 110 V,
secondaries: 480 Vet, 5V, 6.3V
CHl, CH2 Filter chokes, 30 henries
| 2 inch panel meter, 0 - 200
microamperes
SwL SPST, Toggle switch
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resistor during the positive half-cycle of the valtage. at the phototube
anode. The amplitude of the output from V2 is them a measure of the
light intensity.

Theu amplitude of the signal is not linear with the photocurrent
because the amplification by tube V2 _decrsases anly gradually near the
cut-off point. In order to avoid biasing the tube too much, the output
signal is fed to the meter circuit shown in Fig. 11 as well as to the
oscilloscope. The meter is essentially an AC volimeter having a range
0-10 volts RNS, Ten volts will cause a deflection of about one-half
scale. Above 10 volts the meter circuit becomes very insensitive,

100 volts causing a deflection of only about three-fourths scale so
that the meter camnnot be overloaded. Before each measurement the "dark
signal® is set at 20 units on the meter (ca. 0.9 volts) by adjusting
R10 so that a reproducible bias is cbtained,

It was found that Photocircuit I did not respond to low levels of
illumination. At higher levels, the linear operating region of the
amplifier tube was reached and a linear response was obtained. At very
high levels, tae grid of the amplifier was overloaded and a constant
amplitnde resulted.

A second photocircuit was built in order to secure linear response
at all levels of light intensity. Photoclirenit II is shown schematically
in Fig. 12; it is also powered by the power supply shown in Fig. 11. In
this circuit a square wave signal instead of a sine wave signal is
supplied to the phototube anode. The sine wave signal from the power
amplifier is greatly amplified by V1. The positive and negative peaks
are clipped by the diode V2 resulting in a square wave signal having
an amplitude of 45 volts peak to peak. The phototube load resistor RS
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Table 1l. Circuit Constants for Photocircuit II (See Fig. 12)

Circuit constant

Component Component Circult constant
Rl, RS, R7, Cl, 'C5, C9 4O mfd, 25 V, -
R17, R18, ih | electrolytic
R22, R26 )
c2, Cl, 0.1 mfd, 600 V
R2 L7 c6, C7
R3, R27 1K c3, C10 0.25 nfd, 600 V
RL, R16, R19 270K c8 100 mmfd
26, R2l4 100K Cll 10 mfd, 600 V,
electrolytic
R8 15K ‘
Cl2 40 mfd, 250 V,
R9 330K electrolytic
R10 1500 ohms Vi Type 6SJ7
R11 820K V2 Type 6H5
R12 150K V3 Type 1P39
R13 27K )/ Type 12AX7
R}y 6.8K \] Type 6SC7
R15 150 ohms V6, V7 Type 6J5
R20 2200 ohms T Audio inter-stage
transformmer, ratio
R21 1l potentiometer 3:1, primary im-
pedance 10,000 ohms
R23 3300 ohms
sw Selector switch,
R25 220K 1 circuit,
8 positions
R28 L7K
BA 22% V batteries
R29 L70K
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has a'value of only 15,000 ohms so that the response should be essentially
instantansous. The capacitance current flowing through R8 is in the
form of sharp pulses occurring during the reversal of polarity of the
squﬁrd wave signal. Tubes Vi, VS and V6 serve to amplify the signal |
appearing at the. phototube. cathode. The amplifier cireuit has. large
amounts of negative feed-back and is gimilar in design to the voltage
amplifier used in connection with the pressure measuring system. The
amplification is limited by the interference of the sharp pulses with
the normal oparation of the tubes. The maximum gain was determined
exf»er.lnental]y; it was found to be preferable to add a final tiiode
stage V7 to the three stages Vi, VS and V5.

Because of the pulses, the light intensity is no longer propor-
tionsl to the amplitude of the output signal from Photocireuit II.
The "dark signal" appearing on the screen of the cathode-ray tube is
essentially a line having sharp verticsl pulses., During illumination,
the signal appears to be two parallel lines, each line is broken into
a sevies of dots by the pulses, The vertical distance between the two
lines should be exactly proporticnal to the photocurrent and hence to
the light intensity since each amplifier tvke is biased to operate on
the linear portion of the tube characteristic. The two lines correspord
to the peaks of the square wave signal developed across the phototui:e
load resistor. The appearance of & square wave is not obtained for two
reasons: (1) The peaks are distorted because of the sh@tﬁg capacitamce
across the phototube. (2) The vertical motion of the cathode-ray beam
i'§ 80 rapid dnring the reversal of polari_ty that thq vert:l_.cal mtmcg'
lines cannot be seen, giving the impression that the two horizontal

lines are not connected.
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Tube V5 can be used to mix the signal from the phototube cathode
with the original square wave signal from diode V2, This allows any
steady rhotocurrent to be balanced out, The initial condition of the
phototube corresponded to complete darkness in all experiments carried
out in the reactors so that no photocurrent had to be balanced out
(R21 was adjusted so that the ome grid of V5 was always grounded).

The circuit could, however, be used for the static measurement of light
intensity by calibrating the position of R21; the oscilloscope could
then be used as a null detector.

The sensitivity of Photocircuit II can be reduced by adjusting
switch SW. There are four gain ranges available. The feedback feature
of the amplifier is lost when SW is not in the position of highest
gain; however, no other satisfactory method could be found to proyide
separate gain ranges. The light emission in some of the resciions
studied was so great that even the lowest galn range of Photocircuit II
gave a signal that was too large. In order to decrease the intensity
of light impinging on the phototube, a brass orifice was constructed to
f£it over the Plexiglass window. The diameter of the effective window
area was thereby reduced from about 0.5 inch to about 0.3 inch.

The power aﬁ'nplitier, described in an earlier section, supplies
the carrier wave to both Photocircuit I and IT as well as to the pres-
sure measuring system. This simplifies the problem of relative timing
between a simultaneocus pressure and light emission maaauremgnt.-

Photocircuit II has a slight practical disadvantage because of
the fact that the amplitude of the oscilloscope trace is strictly
linear with the intensity of illumination of-the phototube, It is

often necessary to make several runs of the same reaction before the
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correct gain range of the smplifier is chosen so that néither too small
nor too large a deflection is obtained. Photovircult III was designed
and built to use with reactions where only the first moment of luminos-
city is to be recorded, Photocircult III is shown schematically in
Fig. 13. It is also powered by the powsr supply shown in Fig, 11, The |
phototube anode is supplied by a 45 volt battery. The phototube load
resistor R9 has a value of 100,000 ohms insuring both rapid response and
good sensitivity. The signal from the phototube cathode is applified
by a three stage AC amplifier having large amounts of negative feedback.
The circuit is almost identical in design to the voltage amplifier used
in the pressure measuring system. The senaitivity of the amplifier
circult is controlled by the selection of the feedback resistor by means
of switch SW. The output of the circuit is applied to the vertical -
plates of the oscilloscope just as in the case of other photocircuits.
The circuit provides only a single line trace. The gain, however, is
very high (when SW is in positions 1, 2 or 3) compared to Photocircuits
I and II. At the moment of light emission, the amplifier is immediately
overloaded and the cathode-ray beam is violently deflected. Because of
the overloaded condition of the circuit, the output may. show several low
frequency oscillations and require some time to return to-its original

position once the light emission has ceased. The circuit is thus use-

" ful when only the first moment of luminoscity is of interest.

In order to allow the simultaneous recording of both pressure and
light emission, it is clearly necessary to employ two oscilloscopes
and two cameras. The oscilloscope described in connection with the
pressure measuring system will be referred to as Oscilloscope I. The

oscilloscope that was used to record light emission measurements was
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Table 12, Circuit Constants for Photocircuit IIX (See Fig. 13)
‘_ Component Circuit conqta_.nt Component Circuit com?tqnt
| R X a, c2, 25 mfd, 25 V,
1 c3 electrolytic
R2 220 ohms
?‘. ch, cs, 0.1 mfd, '.I.OO v
, ; R3 68 ohms" 6
: RY 22 chms c7 0.2 mfd, 600 V
RS 10 ohms c8 0.1 mfd, 600 V
'< R6 3.3 ohms co 8 nfd, k50 V,
electrolytic
' R7 1l ohm
T Vi Type 1P39
Th R8 0 ohms
4 v2 Type 68J7
11 R9 100K
i" R]-o, Rll, . lK .
% R12 vl Type 6SC7
i R13, Rl 220K ' W Selector switch,
1 1 circuit,
b R1S 100K 8 positions
I ,
R16 1.5M '
y R17, R18 1
‘- R19 1™
R20 650K
R21 10K
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built during the course of the study. A schematic diagram of Oscillo-
scope II is shoen in Fig, 1h. The circuit is of conventional deeign;

R11l controls the vertical position of the beam, RS is the focus control,
end R10 is the intensity control. The horisontal deflection plste DL

"is comected to the time base generator in the mammer described previous-

ly. The intensity modulation electrode of both oscilloscopes are
permanently comected to each other so that the timing marks produced
by the pulse generator register simultaneously on both oscilloscopes.
Another camera identical to the one described previously was purchased

and used in conjunction with Oscilloscope II.

Measurement of I__nl'_iection Rate

The methods used to measure the injection rate in the case of
Reactor I were described by McKinney.? In the case of Reactor II it
was considered imperative to devise a method that would be capable of
measuring the exact time of the start and finish of injection. The
time at which the injection begins must be accurately known in order to
measure the ignition delay time. The time at which the injection is
completed must be knowmn in order to verify the mixing efficiency. The
method finally employed gives the time corresponding to a number of
positions of the piston system during the period of descent.

The method involves the use of a serrated brass rod. The rod is
three-sixteenths inch in diameter and fits freely into a hole in the
top of either cylinder block. The rod is attached loosely to the top
of the two smaller pistons 35 that the rod descends at the same rate
as the piston system during injection. A strong 11gh"o beam is passed
through a hole perpendicular to the rod. The light transmitted
through the rod shines on a phototube., As the rod descends the light
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Table 13. Circuit Constants for Oscilloscope II (See Fig. 1h)

Componert

Circuit constant

Circuit constant

ey

Rl

Component
Rl, R2 120K Cl 1l mfd, 3000 V
R3 1M potentiometer c2 0.5 mfd, 600 V
R%i E7, k70K C3 0.01 mfd, 3000 V
2
ch 0.1 mfd, 600 V
RS, R6, 220K
RY L 2% Type 2X2 A
RS 250K potentiometer V2 Type SBPllA
F10 100K potentiometer Tl Power transformer,
primary 110 V,
Rl SM secondary 1000 V
R13 1 T2 Filament transforwer
primary 110 V,
secondary 2.5 V
T3 Filament transformer

primery 110 V,
secondary 6.3V
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beam is chopped by the serrations on the rod giving rise to a rapidly
alternating light intensity at the phototube.

A typical experimental arrangement for the mezsurement of the
injection rate is shown in Fig. 15, The light source A is a 150 watt
reflector spot bulb. 'The light is collected just ahesd of the
umtnfl rod B by a ground glass screen in the ‘for; of ‘a glass tubs C
tapesred to about 0.10 inch q;l.ameter and ground flat. The transmitted
light shines through a wooden adaptor D into the brass container E in
which the phototube is mounted. The rod B is loosely attached to a
brass plate F, During injection, the plate is secured bstween the
driving piston and the two smaller pistons so that the rod cannot
descend ahead of the pistons,

The rod pictured in Fig. 15 has five serrations per inch. Rods
having four per inch and five per seven-eighths inch were also used.
The rods were prepared on = metal working lathe, The pitch of the
serrations were cut to the desired dimensions accurately to within a
few thousandihs of an lich. ' Rods made of Plaxiglase and painted with
black atripes were also used to measure the injection rate. These rods
were also prepared accurately on the lathe, They were found to be very
susceptible to damage although they transmit a much higher fraction of
the incident light intensity.

Photocircuit III shown in Fig. 13 was used for the measurement
of injection rate. The intensity of the light transmitted by the
descending rod was much smaller than that emittéd by the explosions
under study so that the circuit was at no time overloaded. The oscillo-
scope trace is a single line showing oscillations corresponding to the
changing light intensity. Some of the preliminary measursments were
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made with a single tube, battery operated presmplifier comnected be-
tween the phototube snd Photocireuit III. In other preliminary
experiments other trial amplifier circuits were employed. The success
of a given measurement can, however, be evaluated by the resulting
trace, If ths observed oscillation pattern agrees with that expected
from the knowmn pitch of the serrations, the stroke of the piston system,
and the initial position of the rod relative to the light beam; there -
can be little doubt that the dscillations are actually ‘dus to the
changing light intensity. All of the inportent date, however, were
obtained with Photocircuit III just as it is shown in Fig. 13.

The time corresponding to each peal; on the oscilloscope trace
can be obtdmd.by ccnpari.ng the traqc to a pressure trace rocordgd _
simultanecusly. The method will be described in dat:mi}. in a ;at«u
chapter.

Low Temperature 'lmr‘ation

A thermostatic bath was constructed to enable the study of
ignitions occurring at low temperatures., The bath was constructed
froa an obsolete waterless éook'er. The cooker is a well insulated
metal tank about 10 inches in diameter and 12 inches deep. A wooden
frame was built to fit entirely around the tank. An angle iron support
attached to the wooden frun_ made iv possible to mt Reactor II in
the bath, The reactor is normally immersed to about the top of the
cylinder block. Attached to the support is a coll made of about 20
feet of one-quarter inch copper tubing. The tubing lesds to an

American Instrument Co, one-thirtieth horsepower pump which is immersed

in a; large Dewar flask containing a mixture of trichlorosthylene and
dry ice chunks. The large tank is also filled witk trichlorocethylene.

Tl
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A atirring motor is mounted over the large tank to facilitate heat trans-
for between the cooling coil and the reactor. .

In operation, the pump circulates trichloroethylene from the
trichloroethylene, dry ice mixture through the cooling coils in the bath.
Temperatures as low as -60°C can be easily obtained in the bath by this
method, Because of the extremely short duration of the reactions to be
studied, it is necessary only to bring the reactor to the desired temp-
erature, to maintain it manually for some time to minimize temperature
gradients in the reactor parts, and to initiate the reaction.

The reactor temperature is measured by a copper-constantan thermo-
couple located {l.n & hole in the cylinder block. The thermocowple is
located within three-eights inch of the cylinders containing the
reactants so that it should indicate accuratély the initial témperature
of the reactants. The metal parts of the reactor located asbove the
cylinder block could not be immersed in the bath. Because of this,
there was an unavoidable vertical temperature gradient. The tenpe‘rature.
difference beiween the reactant solubtions and the bath itself seldem
exceeded 5°C. In effect, then, the reactants contact and mix at a
temperature very nearly equal ioc that indicated by the thermocouple.

The walls of the interior of the reactor, however, may be at a slightly

lower temperature.



. \Z
e P o i o vt Famim -

pra—

o e o

——, o i RTINS R Rerbn e bl e e e Aedbieite i — v sk et s b B - —

CHAPTER III
REACTOR OPERATION

During the course of this study, numerous tests of the performance
of the apparatus were made. These tests were intended (1) to check the
linearity of the transient pressure measuring system and to calibrate
the strain gages, (2) to calibrate the methods used to measure the final
pressure of the product gases, (3) to check the linearity of Photocircuit
II, (L4) to measure the injection rate, (5) to measure the rate of mixirg
of the reactants, and (6) to determine the response of the tméient

pressure measuring system.

Calibration of the Transient Pressure Meas stem

The transient pressure measuring system is composed of the power
amplifier ocutput meter, the strain gage, the voltage amplifier, the
cathode-ray oscilloscope and the camera, The design of the system is
such that the amplitude of the oscilloscope trace iz a function of the
pressure applied to the gage. For the amplitude to be directly propor-
tional to the applied pressure, each component must have a linear
response. Instead of checking the linearity of each portion of the
system, the entire system was calibrated at the same time.

To make static calibrations of the transient pressure measuring
system, two Bourdon-type pressure gages were used. One of these ha a
range of O to 160 1b. per sq. in. and the other has a range of O to
1000 1b. per sq. in. The smaller gage was calibrated on a dead-weight
tester by McKinney and found to be accurate to within 28. Both gages
were recalibrated using the triple point pressure of carbon dioxide.
The absolute triple point pressure of carbon dioxide is 75.2 1lb. per

8q. in.33 The larger gage was also checked against the vapocr pressure
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of carbon dioxide at 0°C which is 505.6 1b. per sq. in.>> Both gages
were found to be within 2% accuracy as guaranteed by the manufacturer.

An apparatus was constructed to facilitate the calibration proce-
dure, It consisted of a small steel tank connected by means of steel
piping to one of the Bourdon gages, a strain gage, and a steel valve.

The tank was filled with dry ice before being attached to the apparatus.
For the absolute calibration of the Bourdon gages, the air had to be
removed., This was done by dlternately allowing stme of the dry ice to
vaporize and then applying a vacuum to the system., The pressure gradually
rose, once the valve was finally closed. The pressure remained constant
for some times when the triple point was reached. After all of the dry
ice liquerfied, the pressure again began to rise slowly. Calibrations

of the transient pressure measuring system were also carried out directly
in the reactors. In this case either dry ice or liquid nitrogen waa used
to generate the static pressure.

The pressure record was obtained by firing the time base and photo-
graphing the screen of the cgeillosceope. Sovéral cardboard masky were
made to fit over the film in the film holders of the camera so that
only a small segment of ‘the f£ilm ccvuld be exposed at a time. A ty:pical
pressure calibration trace is shown in Fig., 16. There are eight
positions on the film, each corresponding to a particular value of the
static pressure. The frequency of the carrier wave was 1080 cycles per
second for the trace shown in the figure. Frequencies between 1000 and
1200 cycles per second were used for all of the transient pressure
msasurementis so that the calibration traces simulated the actual condi-
tions of a run very closely. The amplitude of the traces were measured

on the photographic negative with an accurate centimeter scale. -

"
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Neasuring System.
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Plots of amplitude vs, pressure are shown in Fig. 17 and Fig. 18
for the four strain gages. ' The data shown in the figures were obtainad
using the least sensitive of the five gain ranges of the voltage ampli-
fier. The plots show that the msasured amplitude is accurately propor-
tional to the applied pressure, except for the small zero pressure
amplitude. The zero pressure amplitude was not zero because of the
finite size of the cathode-ray beam. The pressure measuring system was
calibrated frequently. The sensitivitlies of the system for the
important strain gage, amplifier range combinations are given in Table
.

Table 1)i. Sensitivities of the Transient
Pressure Measuring System

Range of strain gage, Amplifier Sensitivity,
in lh, per sq. in. output in atm. per cm.
0 - 500 1l 7.68
0 - 150 1 2.11
0 - 150 2 1.16
0 - 100 1 0.980
0 - 100 2 0.524
0 - 100 b 0.226
6 - 50 1l 0.629
0~ 50 3 0.183
0 - 50 L 0.133

Transient pressures slightly higher than 500.1b. per sq. in. were
oblained for certain of the fuel-oxidant systems under study. It was
likely, however, that the 0 to 500 lb. per sq. in. gege had a linear
response well ahove its stated range. This is evidenced by the fact
thst the rated full-scale millivolt output wss not reached at a pressure

13



S e e o o

MR e m—

T e i et e - an

*ge3wn *uty °*bs

Jed *qQT 0ST ©3 O PuU® 05 03 0 ‘Weqsig BurIngeey SINSsald JUSTSURI] JO UOTIRIQTT®D)

00} 06

IONVYH 39V9O 40 LN3O H3d - IUNSSIHJ

08 oL 09

oS

ov

*LT ‘3w

oc ol 0

00

39Vv9 NI '®S d3d ‘91 0§1-0 ©
39VO Nl ®S d3d ‘97 05-0 ©

‘WO - 34NLINdWY

&3

JREE S W T UL PR

e r cemaed Akl o e b

I -

v

B i L

09



—— i ettt
'

T .

s B A S

‘WO - 3ANLNANWY

L Eil

4

o *godep °ut °bs
Jed *qT 00S 03 O PuU® Q0T 03 0 ‘meysls SuTINSEON SINESSIS JUGTSURI] JO UOTIWIQITe) °QT ‘3w
JONVH 39VD 40 LN3ID H3Id - IHNSS3Idd
00! 06 ov oL 09 oS oY (0] oc 0] 0 00
_ _ | _ _ 1 | _ |
__ — o't
F9V9 NI DS ¥3d 87 00S-0 e
39v9 ‘NI 'BS ¥3d ‘81 00/I-0 o
N. — — 02
| — — 0¢
{
i
ﬂ — — 0t
- — 09
_ | | 1 | | | | | 09
s -
Lo S UL TSPV PR . Lo Mﬁ oo N . LR - - A TELM
v.‘.ﬁu}n o RS o i sk r . e e - —




[P

< e e —

L e o T Y oy

R T & LM = ~Sme-a

of 500 1b. per sq. in. It is apparent from Fig. 18 that the gage was
calibrated up to 500 1b. per sq. in. It was not considered a safe
procedure to apply any more pressure to the calibration apparatus.
Several abrupt changes of calibration were noted for the 0 to 50 1b,
per sq. in., gage. The runs in which the gage was used were sufficiently
bracketed by qalibrations 80 that the sensitivity changes did not affect
the pressure data. The calibration changes were found to be due to a
poor contact in the voltage amplifier., No further changes occurred once
the contact had been repaired.

A voltage divider was built that could replace the strain gage in
the circultry. Pericdic measurements of the amplitude of the oscillo-
scope trace using the same voltage divider were employed to ascertain
the stability of the circult elements other than the strain gage.
Amplitude measurements made over a period of two and cne-half years
showed a maximum deviation of 6% from the mean value,

Calibration of the Final Pressure Measuring Systems
The calibration of the 0 to 160 1lb. per sq. in.Bourdon gage has

already been described. The mercury manometer method was used to
measure final pressures for some of the reactions studied in Reactor II.
The volume of the reactor varied during these measurements because of
the fact that different piping arrangements were used to connect the
reactor to the strain gage. The total volume of Reactor II and the
mancmeter comections for a particular piping arrangement was found to
be 387 X 3 cc. by an air exbansion method using a calibrated gas buret
for reference. The volume of the manometer and connections was estimated
from their dimensions to be 62 cc. The volume of the reactor was thus
found to be 325 cc. ‘The volume of the reactor with different piping
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arrangenents wﬁs estimated by medsuring the volumes of the individual
pipe fittings and correcting the total reactor volume., In this way the
manometsr readings could be corrected for the expansion of the product
gases into the manometer.

The calibration of the O to 100 1lb, per sq. in. strain gage in
combination with the Midwestern oscillograph was made by applyirg static
pressures of carbon dioxide to the gage by the method described prev-
iously. The pressure record was obtained by rmning the chart drive of
the oscillograph for a few seconds for each pressure value. The distance
between the trace line and a reference line was measured with an accurate
centimeter scale, The result of the calibration is shown in Fig. 19..

The expansion final pressure methed that was used extensively with
Reactor II required the calibraticn of the large bulb system. To
accomplish this a large vacuum dessicator was filled with exactly 5000
cce of water. The remainder of the volume of the deasicator was measured
by an alr expanasion method, camparing it to a calibrated gas buret having
a volume of 1h5.6 ce, The volume of the bulb system including connec-
tions was found to be 5,660 X 30 cc. by comparing it to the empty
dessicator, For these runs the reactor piping arrangement was the same
except for the number of valves attached to the resctor. Most of the
runs were made with a single valve., The reactor volume was found to be
339 X 2.5 cc. for this case, The volume added by each valve was |
estimated to be 6 cc. so that the reactor volume was 333 cc., 339 ce.,
or 345 ce., depending upon whether no vslves, one valve or two valves,
respectively, were used. For the one valve case, the pressure of the

product gases was reduced by a factor of 17.7.
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Calibration of Photocircuit II

Photocircuit IT was stated to have a nearly linear response. A |
sinple test of this based upon the inverse .aquare law was made. The
filament of & 200 watt unfrosted 1ight bulb served to approximate a
point source of light. The bulb was connected to the 125 V DC line so
that steady illumination was obtained. One of the observation arms of
Reactor II was detached from the remainder of the reactor. ThQ Plexi-
glass window was secured to one end of the observation arm in the usual
way. The brass phototube container was then attached to the window
agssembly in the manner used in making a run. A ground glass screen was
temporarily glued to the other end of the obaervition arm. Measurements
of the amplitude of the oscilloscope trace were made as a function of
the distance between the filament of the light bulb and the ground glass
screen., The amplitude was recorded by photographing the screen of the
oscilloscope using the same technique that was described in connection
with the calibration of the transient pressure measuring system. A
typical photoelectric calibration trace is shown in Fig. 20. The dis-
tance batween the parallel dotted linea is thes measure of the light
intensity. The linearity of the circuit can be judged from the constancy
of the product of the measured amplitude and the square of the distance,
The data are shown in Table 15.

The relative sensitivity of the gain ranges of Photocircuit II was
determined. This was accomplished by measuring the ratio of the ampli-
tudes produced by adjacent gain ranges using identical illumination.

The relative sensitivities are fiven in Table 16. The intensity of the
light emitted by different reactions, however, cannot be compared accur-
ately. Much of the light reaches the phototube by reflection from
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Table 15, Test of Linearity of Photocircuit II

© s - ATt n———

87

Product of amplitude

Distance from source Amplitude,
to screen, in inches in ecm. and the square of
distance, in cm. in.2
27 0,43 3
19 0.80 289
12 o 1l.91 275
9 3.28 266
8 4.03 258
5.5 6,80 206

Table 16. Relative Sensitivity of Photocircuit II Ranges

Amplifier Aperture, Relative
setting in inches sensitivity
1 %0.5 100
3 #0.5 LS.k
1l ##0.3 29.9
3 ##0.3 13.6
u 40,3 3.91

# Without brass orifice
¢ With brass orifice

various metal surfaces within the reactor.. The reflectivity of these

surfaces conld not be considered constant from cne run to another, The

Plexiglass window was found to corrode gradually *hrough contact with

corrosive reaction products. The Plexiglass window was frequently

polished to minimize the effect of the corrosion., In the

later phases

of the research, a window made of one-eighth inch Kel-F was used to
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shield ths heavier Plexiglass w:l.ndow_ from corrosive agents. No further

corrosion of the window was noted.

Rate of Igection

The injection rates obtainable with Reactor I were measured by
McKinney. His method will be briefly reviewed., The cylinders v‘leie
£illed 80% full with chloroform; the remaining space was filled with
salt solution. Contacts were set up at the outlet from the jets.
Initially, a small drop of salt solution closed the contact. When in-
jection began, the chloroform opened the contact. When injection was
80% complete, the contact was again closed by the salt solution. A 1000
cycle signal was impressed upon the vertical plates of the oscilloscope
through the countacts so that the time between the start of injection and
80% of complete injection could be recorded. McKimmey found that the
large piston descended in 9 msec. and the small piston in 5 msec. undera
driving pressure of 1700 1b. per sg. in, The pistons were operated separ-
ately during these tests. The descent of the small piston would probably
s slowed by the back pressure created by the stream issuing from the
large Jet. The time required to obtain the complete evolution of oxygen
in the reaction between acidic hydrogen peroxide and concentrated calcium
permanganate was indeed found to be about 9 msec,

Several measurements of the injection rate with Reactor I were made
in the present research. The method involved the use of fine copper:
nifes. Two of the wires were attached in the form of a cross by means
of a small bead of DeKhotinsky wax. The wax prevented the wires from
contacting each other. The bead was placed on one of the injection ‘
plates so that the piston would land directly on the bead at the com-
pletion of injection. The bead was crushed by the force of the piston
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so that the wires were brought into contact; at least momentarily. A
1000 cycle signal was impressed on the vertical plates of the oscillow
scope in such a way that the signal would be short circuited when the
contacts closed. By counting the numbar of cycles recorded on the
oscilloscope, the time interval between the closing of the bomb contacts
in the pneumatic injector and the completion of injection was obtained.
McKinney found that piston descent normally began about one msec, after
the bomb contacts closed. The method had the advantage that both pistons
were operating in the usual fashion during the measurement. One measure-

ment using water in both cylinders, showed that the large pistcn completed

its descent 10,5 msec. after the bomb contacts closed. The measurement

clearly agrees with the result obtained by McKinney.

Several attempts had to be made before the contacts could be properly

placed under the small piston. One successful measurement was made of
the injection of water., The tﬁce is shown in Fig. 21, In this run, the
small piston did not complete its descent until 1l msec. after the bomb
contacts closed. This result demonstrates that the small piston would
not have completed its descent until 3.5 mssc. after the large onme,

assuming that the large piston again required 10.5 msec. to deacend.

The descent of both pistons in Reactor II must begin and end atb
precisely the same instant. The injection is followed by noting the time
between pulses of light transmitted by either a serrated brass rod or a
striped Plexiglass rod that descends with the piston system. 4 number
of measurencats were made of the injection rate for the injection of
water from both cylinders of Reactor II. A typical trace is shown at
the top of Fig. 22. The rod used in run 116 was made of Plexiglass.

It was initially positioned so that the phototube was fully illuminated.
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Fig. 22, Injection Rate Traces, Injection of Water,
Reactor 1I, Time Base: 1l msec.
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‘The stripes were evenly spaced so that ihere were four opaque and four
clear positions per inch of rod. The stroke of the piston system was
set at seven-eighths inch so that three and one-half cycles were ex-
pected, The finsl condition would correspond to complete darkness. The
oscillation pattern on the photoelectric trace agrees with that expected
from the conditions of the experiment. A sine wave having a frequency
of 1080 cycles per second was recorded simultanecusly ¢n Oscilloscope I
and is shom at the bottom of Fig. 22. The wave was produced by
unbalancing the bridge of the strain gage, recoxding a signal of -constant
amplitude.

The rate of injection was calculated from the trace in the follow-
ing mamner: The distance from the start of the trace (at left of
figure) to each peak was measured with an accurate centimeter scale,

The length of the trace from the start to the timing mark (located about
thres-fourths of the way across the trace) was also measured., Only one
120 cycle timing mark appeared on this particular trace. The pulse gen-
erator that was responsible for the timing mark was connected to the
intensity electrode of both oscilloscopes so that the break in both
traces occurred at the same instant. The distance to each peak and to
the timing mark was also measured on the sins wave trace. The aame time
base drives the horigontal plates of both oscilloscopes. The deflection
sensitivity of the oscilloscopes were not identical, howsver, so ithat
the distance measured on one of the traces must be divided by the sensie
tivity ratio. The sensitivity ratio is equal to the ratio of the
measured distances from the start of each trace to the timing mark on
each trace, The distances to each pealk on the photoelectric. trace were
reduced accordingly. The sine wavs has a frequency of 1080 cycles per



3

B

93

ssc, This frequency was pre-sst accurately since it is an even multiple
of 120 cycles per sec. The distance between each peak on the sine wave
trace then corresponds to 0.926 msec, A plot is made of the distance
from the start of the sine wave trace to each peak vs, the time corres-
ponding to each peak. The time corresponding to each peak cn the photo-
electric trace can then e found from the plot.

Each poak on the photoelectric trace corrssponds to either a
condition of maximum light transmittancy or minimum light tranamittancy.
The time between each peak must then correspond to ome-eighth inch of
deacent of the piston system. A plot of the piston position vs. time
can then be made. .The position vs, time plots for the injection of-
water in Reactor II were found to be acéuntely linear. The slopes of
the plots were obtained by a least squares method. Some of the plots
obtained are shown in Fig. 23. The origin was arbitrarily placed so
that the least squares line would pass through it. The exach tiwe of
the start and the finish of injectior camnot be measured as accurately
as the rate of injection because the pitch of the markings on the rod
is known more accurately than either the initial or final positions of
the rod with respect to the light beam. The time of the start and
finish of injection, howsver, could not be in error by more than 0.2 msec,

The deata shown in Fig. 23 were obtained with Reactor II using the
one-to-one reactant ratio. Both cylinders initially contained water.
The runs were made as a function of the pressure of the driving gas.

The fact that the rate of descent of the piston system is constant
throughout injection indicates that the moving parts must accelerate
very rapidly to the equilibrium velocity. All of the data obtained

for the injection of water are shown in Table 17. The rate of injection
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; Table 17. Injection Rate Measurements, Resctor II

ffeésm 'of'

i Reactant driving gas, Injection
. Run ratio in 1b, per time, in
sq. in, nsec,
73 b1 1800 h.27
98 L:1 1700 b3l
‘ 1 1:1 1950 1,79
* 119 11 1900 1.71
~ 117 1:1 1400 1.96
| 16 1:1 1000 2.21
T ( 1120 1:1 600 2.8
L 123 1:1 1700 1.91
; 12l l1:1 1700 1.91
10 1:1 1900 2.65
12 1:1 1800 2.83
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is expressed as the time required for the pistons to descend seven.
eighths inch. Two runs 73 and 98 were made using the four-to-one injec-
tion ratio. Runs 11l to 120, inclusive, were made with very lgose
piston gaskets in order to avoid the effect of gasket resistance., Runs
123 and 12l were made with very tight gaskets. It can be seen that the
gasket resistance has only a small effect on the measured injection rate.
This canclusion was also reached by McKinney during his studies of
Reactor I. Run 124 was made with the large driving piston initially
glued to the top of the driving cylinder rather than resting on the top
of the smaller pistons. The large piston would then strike the aﬁ.llor
ones with considerable impact onte the pneumatic injector was fired,
This violent start had no effect on the injection rate. Two rms 10 and
12 made early during the research showed an abnormally slow injection
rate compared to the more recent data, This eifect may have been dus to
the fact that a large number of runs of explosive reactions had been
carried out in the reactor between these series of injection measure-
mente, The intersecticn of the jets with the exit tube and the
intersection of the exit tube with the intericr of the resctor were
gradually rounded and enlarged by the force of the explosive reactions.
The geometry of the mixing pattarn seemed to be conditioned by the
reactions themaelves to give a more rapid injection rate.

No explosive reactions were studied during the series of runs 1il
to 12i, The data for these runs are shown in Fig. 24 where the linear
flow rate of the water through the exit tube ia piotted against the
square root of the pressure of the driving gas. For the ocne-to-one
ratio with Reactor II the linear flow rate is related to the injection
or contact time according to Eq. 17:
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where u is the linear flow velocity in tiie exit tube in cm. per sec.,
t 1s the contact time in wsec.

‘Since the injestion rate seems to be determined wholly by the resistance

to fluid flow and not by the gasket resistance, it should %+ possible to
calculate the expected injestion rates. Such a calculation is made in
Appendix I, The treatment is an empirical calculation based upon well
established correlations described in standard engineering

treatises. 34235 Caloulations were made for Reactor IT for certain
reactant ratios both for the water injection and for the injection of
anhydrous hydrasine and anhydrous nitric acid. To derive an injection
rate one must know only the properties of the fiuid, the pressure of the
driving ges, and the pertinent dimensions of the reactor. The values
calculated for ths one~-to-one ratio for the water injestion are shom in
!‘ié. 2L as the dotted line. It is evident that the caleulations predict
a much more rapld lnjectlion rate than that cbmserved,

The calsculations show that the flow rate should be roughly propor-
tional to the square root of the pressure. (nuncoz obtained injection
rates that were precisely proportional to the square root of the pres.
sure drop using identical mixing systems but at much lower pressure
drops. It seemed likely, in view of ths curvature of the observed plot
that the resistance to gas flow in the pneumatic injector might be
slowing the injection. If this were the case, there would bs a pressure

drop due to the nitrogen flow from the gas storsge reservoir of the

pneumatic injector to the driving cylinder. The pressure actually driving

the large piston would then be less than the value read from the Bourdon

gage located at the gas storage reservoir.
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A calculation of the pressure drop due to gas flow in the pneumatic
injector is given in Appendix II. The asusumption is made that the
driving gas pressure in the storage reservoir does not change during
the period ¢f injection because of the large sise of the reservoir
compared to the volume displacement of the driving piston. It is also
assumed that the pressure acting on the driving piston is constant
during the injection periocd. This is evidenced by the cbserved linear
character of the injection proceszs. The gas expansioen process can then
be itreated approximately as a Joule-Thompson expansion. ’Such expansions
ave vory nearly isothermal sc long as the pressure drop is not too
great.”® The calculations in Appendix II. are made by the isothermal
mathod outlined in a peper by Beale and Docksey.>! To calculate the
pressure drop, it is necessary to know the rats of linear descent of
the driving piston, the properties of the gas, and the pertinent dimen~
sions of the pneumatic injector and driving cylinder.

The result of the calculation is shown in FPig. 25. The pressure
drop is expressed as the retic of the effectiwve driving gas pressure to
the pressure actually aspplied to the pmeumatic injector. The pressure
ratio is plotted against the injection rate expressed as the time
required for the piston system to descend seven-eighths inch. The
effect of the turbulent friction created by the gas flow through certain
parts of the valve mechanism of the injector could not be evalnated
because of their complexity. This effect was ignored in the calculation
so that the results shown in Fig. 25 may be very conservative.

The results shown in Fig. 25 indicate that a large pressure drop
did occur in the injector for some of the rapid injections reported in
Table 17. The calculation is not valid for pressure ratios approaching
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the critical valus. The critical pressure ratio for nitrogen gas is
0.528, At this ratio the gas flow in the injector reaches the velocity
of sound and numerous uncertainties are added to the problem.

The runs plotted in Fig. 2l were corrected for the calculated pres-
sure drop in the pneumatic injector by selecting the proper pressure
ratio from ths graph showmm in Fig., 25. The corrected data were plotted
in Fig. 2k and & solid line druwn through the points. The calculated
injection rates (the dotted line in the figure) aras still about 18%
higher than the corrected values; however, the corrected data show much
better sgreement to the predicted proportionality between the flow rate
and the square root of the pressure.

It is of interest to compare the observed injection rates to those
predictable by the simple formula given by Chance and discussed in an

earlier cuapter. Chancets foruula is given by Eq. 13:

-

(13) =%

wh;lam V is the total volume flow rate in cc. per sec.,
AP is the pressure drop in 1lb. per sq. in.,
A, is the area of the observation tube in sq. mm,,
Ky is an empirical constant having a value 0.3 %o 0.8.

The effective pressure drop across the mixing plate of Reactor II is
much higher than the actual gas pressure in the pneumatic injector
bocause of the hydraulic advantage of the piston system. For ithe one-
to=cne ratio, the power gain of the mechanical system is equal to the
ratio of the area of the driving cylinder to the combined areas of the
smaller cylinders, This ratio was calculated from the weasured dimen-
sions to be 5,09, The area of the exit tube (Chance's observation tube)
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in the mixing plate was found to be 1l.7 sG. mm. A nean value of K

, a8
taken as 0.5. Introducing these values, Eq. 13 reduces to:

(18) P a '..'_2.3 870
t

where P is the effective driving presaure in 1lb. per sq. in.,

t is the cantact time in msec.
The injection rate data are summarized in Table 18, along with tha effec-
tive driving pressure calculated by means of the fluid dynamic analysis
given in Appendix I and by means of the Chance formula.

Rate of Mixing
The rate of mixing obtainable with Reactor I was measured by

m’:x:l.m'my.3 He showed that the entire contents of the cylinders could
be injected and mixed in a period of less than 10 msec. by measuring
the extent of a reaction known tc be very rapid.

A similar method was used to evaluate the mixing time for Reactor
II. The pressure rise for the reaction between sodium-potassium alloy
and water was found to reach a maximum in a tiwme equal to the known
injection time, This was demonstrated by making a simultanecus measure-
ment of the injection rate and the pressure rise for the sodiume
potassium allcy vs. water reaction in Reactor II. The result is shom
in Mg. 26, The pressure maximum occurred 2.1l msec. after the start of
the pressure rise whereas the injection required 2.3 msec. The time
corresponding to the maximum pressure can be measured within an accuracy
of only about 0.3 msec. because of the scatter of the pressure points
and because only one point is obtained every 0.8 to 1.0 msec, depending
upon the frequency of the carrier wave, The sta_‘rt of the pressure rise
came gbout 1.5 msec. after the injection began. This effect was noted

P
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in every run carried out in Reactor II. The delsy is thought due to the
time required for the first pressure pulae to travel the distance from
the exit tube of the mixing plate to the diaphragm of the strain gage.
A large number of runs of the sysf;en sodium-potaasium alloy vs. water
were made in which the time to the maximum preasure was about egual to
the injection time expected from the data reported in the previcus sece
tion. 7

The rate of the sodium-potassium alloy, water reaction was found
to be teo rapid to messure in Reactor I. The agreement between the
time required to reach a maximum pressure and the injection time in
Reactor II indicates that the reaction rate is also too rapid to measure
in Reactor II. This agreement also indicates that the reactants were
mixed essentially at the same rate that they were injected. It is
likely that very little of the reaction heat was transferred to the
walls of the reactor in the time required for injection. Indeed, the
observed maximum pressures for the reaction in Reactor II were consider-
ably higher than that expected from the stoichiometric yield of hydrogen.
If a significant quantity of the reaction heat were transferred to the
resctor walls during injection, it would have been possible to observe
s pressure maximum before the completion of mixing. The slow decrease
of the pressure during the periocd beyond about 5 msec. after injection
suggests, however, that ths reaction products did cool very slowly.

A number of previous investigations have been made of the mixing
efficioncy obtaingble for the mixing of equal volumes of reactant solu-
tions in "I type mixers. The results of these studies” indicate that
the mixing of reactants in Reactor II should be very thorough,

*»
Shown in Tables 3 and ki, Chapter I.
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The results of these studies are not directly related to the mixing of
reactants in Reactor I because of the very unequal amounts of reactants
ccntacted in Reactor I. The wixing plate used in Resctor II has two jets
discharging into an exit tuke. The diameters of the jets are 2.5 mm.;
the diamster of the exit tube or mixing chamber is 3.9 mm., A "I" type
nixer described by Trowse also employs two jets. The diameter of the
Jets and the observation tube (exit tube) was 0.7 mm. Trowse IM that
resctant solutions were mixed 97%, 5.7 mm. downstream from the jets, His
nmeasurements were made at a linear flow velocity of 4O cm. per sec.
referred to the exit tubs, Millikan studied the extent of mixing in
another *T* type mixer as a function of the flow velocity. Hé found that
the distance downstresm to the point of 97% mixing rapidly moved toward
the point of firat contact of the reactints as the flow velocities were
increased, The linear flow velccities in the exit tubé of Resctor II for

a1l runs varied between 3,000 and 11,000 cm, per sec. so that mixing

should bs completed in s very short distance. The exit tube of Resctor
II is 8 mm. long. The stream emeérging from the exii tube travels aboud
25 mm. through an unconfined area and then strikes a baffle plate to
further camplete the mixing of the reactants.

The time of residence of the stream in the exit tube of Reactor II
varies between 0.07 and 0.27 msec. for the rmg§ of flew velocities
employeds The stream requires in all from 0.3 to 1.1 msec, o travel
frem point of first contact to the baffle plate. Under an unfavorable
assumption, then, it would require only l.l asec, at the slowest flow
rate to complete the mixing in sddition to the time required to inject
the resctants. For the study of ignition delsy, the injection time is
of no interest except as it affects the mixing efficiency. It is only

———— e e e
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the time between the contact and the completion of mixing of a given
fluid elewent that is of importance, since presumably the first element
of fluid t6 be injected is the one that will firet ignite.

Respanse of the Tmaient Pressure Measuring gzstom

During the early phases ¢of the research, a great deal of difficulty
was encountered dus to the presence of noise in the préessure traces. It
was found necessary to connéct the strain gages to the resctors in such a
way that there was no mestal-<to-metal contact between them, This e¢limin-
ated most of the random disturbances present in the early traces; however,
a periodic vibration of the amplitude of the pressure traces remained.

An example of the noise present in some of the traces from Reactor II is
shom in Fig. 27 and Fig. 28, Fig. 27 shows the appearance of the traces,
The pressurs data for one of them is plotted in Fig, 28. The points
represent the measured amplitude for each cycle of the 1200 cycle carrier
ware. The dotted line was drawn through the points indicating the
periodic nature of the disturbance while the solid line represents a time
average value of the pressure,

It was very unlikely that the source of the noise was in the strain
gage sincs the natural frequency of vibration of the sirain gage dia-
phragm is stated by the manufacturer to be above 2000 cycles per sec.

The characteristics of the noise were unchanged by using a different
strain gage. It was thought possible that some part of the reactor was
get into vibraticn during the injection process and was causing the
noise, A number of rins were made in Reactor II in which the gaskets
used f-o seal the various comnections were drastically altered. In some
cases, the parts were rigidly bolted together without gaskets. The
genesral nature of the noise was unaffected by these variations. Several
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Fig. 27.

Transient Pressure Traces of the Alloy,
Water Reaction, Runs 17 and 21, Reactor II,
Time Base: 100 msec,
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runs were made in which a high frequency carrier wave was used to supply
the bridge of the strain gage. Again no change was obserwved in the noise
present in the pressure trace, indicating that the difficulty was not
electrical in nature,.

Since the source of the noise could not be identified with any part
of the apparatus, it was tentatively assumed that the noise was a real
manifestation of the reaction process. An attempt was then made to
attenuate the vibration in the coupling bstwson the reactor and the
strain gage. To compare the traces obtained during this study, a noise
index was defined. The noise index is defined as the per cent deviation
of the worst single point on the pressure vs. time plot from the time
aversge value. The noise index for the rum plotted in Fig. 28 is 30%.

A run was nade with a cork obstruction in the piping comnecting the
reactor tc the strain gage. The trace is shown in Fig. 29. For this

run the time required for the pressure to ﬁach a maximum was 5.9 msec.,
but the noise index was anly 8%. It was apparent that the noise had been
largely removed bul al great sxpense to the time response of the pressuis
measuring system, The fact that the disturbances could be removed by
placing obstructions in the comnecting arm between the reactor and the
strain gage indicated that the pressure in the reactor was actually vary-
ing periodically as the traces indicated.

In order to secure interpretable pressure traces, it was necessary
to seek a compromise between the response of the pressure measuring
system and the amplitude of the noise. A series of runs was made of
the sodium=potassium alloy vs. water reaction in which the numbgr of 90°
Pipe elbows on the piping between the reactor and the strain gage was
varied. The data obtained from the series of runs is summarized in
Table 19.

e P ——
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Transient Pressure Trace of Alloy, Water
Reaction, Showing Delayed Response, Run 27,
Reactor II, Time Base: 100 msec.
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Table 19, Respmse of the Pressure Measwring Systam

Ran  Jusber of 90°  Time to maximum  Noise index,
No. pipe elbowsx pressure, in msec. in per cent

i

30 0 - ca. 100
37 2 2,1 39
39 h 1.6 2L
L3 5 1.8 19
Lo 5 2,2 12
hly 5 2.2 9
47 10 4.0 8

* One-quarter inch steel pipe, actual inside diameter 0.36 inch.

There was no. apparent delay in response. cn.increasing the number of pipe
elbows from O to 5; however, a substantial attenmuation of the noise was
cbtained. When 10 pipe elbows were employed, the response was seriocusly
delayed, .The final apparatus was arranged so that there wers five 90°
bends in the piping between the strain gage and the reactor to give the
best possiblec compromise between the response and the noise.

An gttempt was made to further decrease the noise level by adding
8 sharp edged orifice to the piping. An orifice having a diameter of
0.22 inch increased the time required to record the pressure rise to
5.5 msec, The traces obtained using Reactor I had a noise index of only
a few per cent. This was thought due to the fact that the comnecting
arm had a one-inch long channel having a dismeter of only 0.19 inch.
It would appear that this channel would attemuate the noise quite
thoroughly. A somewhat slower response time would not affect the data
obtained with Reactor T becauss of the much slower injecticn rate.
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CHAPTER IV
EXPERIMENTAL NETHOD

Before beginning a discussion of the various reactions which were
studied, a detailed description of the technique of operating thn_ruc-
tors and the electrouic apparstus will be given. In this section, the
discussion will be limited to the handling of chemicals that can be
exposed to the air, Certain reactants required special handling tech~
niques; the discussion of thess will bo deferred wntil the reactions

themselves are discussed.

mﬁxnta with Reactor I

The  experimental procedure that was used to secure pressure vs. time
data with Reactor I is as follows: The necprene piston gaskets were first
polished by rubbing them with powdered graphite. Ths pistons were then
inserted into the cylinders. The cylinder block was inverted and
supported on a wooden support so that the reactant solutions could be
poured into the cylinders. When the cylinders were full, the injection
plates were boltsd on to the cylinders. A thin film of either poly-
ethylens or Teflon was placed between the cylinders and the injection
plates so that the sclutions could not fluow through the jets prematurely.
The remainder of the reactor paris wers then assembled and secured.

The slectronic apparatus was turned on and allowed to wamm uwp.

Most of the adjustments were made by means of the switching circuits
shown in Fig. 7. At first, switch SW1 was set in position I and SW2 in
position A. In this position the vertical plates of Oscilloscope I were
connected to a 60 cycle signal taken from the AC line, The horisgntal
plates were connectad to the saw-tooth oscillator built into the Du Moat
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instrument. The saw-tooth oscillator was then synchronized with the 60
cyclo line using the controls on the pamel of the Du Mont instruwr-nt.
Switch SW1 was then turned to position II. In this position the wvertical
plates of oécinoacope I were coanected to the output from the. pulse
generator. The pulse generator was adjusted to the desired frequency,
either 60 or 120 cycles, and synchronized to the saw-tooth oscillator.
Switch SW1 was then turned to position III, In this position, the
vertical plates of Oscilloscope I were connected to the output from the
voltage amplifier. The @os:lrod gain range of the voltage amplifier was
then chosen, The carrier wave generated by the audio oscillator was
adjusted to the desired frequency, either 1080 or 1200 cycles. The outw
put of the carrier wave from the power amplifier was next adjusted to 20
units on the panel meter. The bridge of the sirain gage was then
balanced both resistively and capacitively so that the amplitude of the
signal was at a minimm. Switch SW2 was turned to position B or € with
switch SW1l remaining in position III. In this position the horisontal
plates of Oscilloscope I were connected to the timé base generator also
shomn in Fig. 7. The desired time basé was chosen by adjusting switches
SW3 and SWs. Times ranging from 0.01 to 0.30 seconds were used. The
time base could be tested by closing switch SW6 momentarily. The trace
was next positioned on the screen of the’ oscilloscope. The horizontal

position was adjusted by means of Ril and the vertical position by means

of the vertical control om the panel of the oscilloscope. With switches
SW1 and SW2 in position III and position B or C, the transient pressure
measuring system was ready for operation,

The camera was next mountsd in front of the screén of the oscillo-

scope and the shutter opened. The driving gas was then charged into tfm
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pnewmatic injector from a nitrogen tank, When the gas pressure read
from the Bourdon gage mounted on the pneumatic injsctor reached the
desired value, the injection was begun by manually rotating the cocking
block. A few seconds later the shutter of the camera was closed, The
procedure. used to measure the final pressure of the reaction products
has been desoribed previocusly. The electronic spparatus was then turped
off, the reactor dismantled, and the parts cleaned and dried.

The procedure used to obtain a light intensity trace using Reactor
I requires that all the previous adjustments be made except for the
adjustments involving the voltage amplifier and the balancing of the
strain gage. 'All photoelectric measurements of reacticns in Reactor I
were made with Photocireuit I. The output of Photocircuit I was comec-
ted directly to the vertical plates of the oscilloscops., The gain range
of the photocircuit was selected and the "dark signal” adjusted to 20
units on the small panel meter, Having campleted the time base -and
pulse generator adjustments, the pneumatic injector could be fired.

Eerj.ments with Reactor II

Several éanbimtions of measurements were made with Ras;ctor IT,
Simultanecus measurements of the light intensity and the transient
pressure were made., Simultaneous measurements of the injection rate
and the transient pressure were also made. Some transient pressure
messurements were made with no simultaneous photoelectric measurement,
The experimental procedure varied only slightly for these different
casez. A view of Reactor II and the electronic apparatus is shown in
Fig. 30. The reactor is set up for a simaltanecus measurement of the

light intenaity and the pressure rise,
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The mixing plate is first bolted to the desired cylinder block. A
0.03 inch thick Teflon sheet was used to gasket this connection along
with a continuous film of Teflom. The thicker gasket is partly gmhed
when the pistons complete their descent., This formed a tight seal to
avoid the escape of the product gases to the atmosphere., The thimner
gasket prevented the reactants from leaking out of the cylindors
prematurely under the influence of gravity. The baffle plate assembly
wes then attached to the mixing plate. The reactants were added to the
top of the open cylinders by means of automatic pipets which delivered
Just the correct amount of material. The pistons were then prepared by
rubbing either inert grease or powdered graphite into the necoprene
gaskets. The pistons were next inserted into the cylinders. The air
above the reactants escaped through the fine holes in the pistons. The
pistons were lowered to the desired height. In some runs the amount of
reactants was varied. . For these runs, the pistons were lowered and the
distance measured accurately with a machinistts scale; the excess
resctants were removed gradually as they strea_ned out of the fine holes
at the top of the plstons. For most of the runs, the piatona were
lowered by means of a brass jig to a height that would lead %o a stroke
length of exactly seven-eighths inch. The amount of reactants originally
added by the pipets would then just fill the cylinders. A tiny Teflon
gaﬁket was then inserted into the top of the small hole. The small
piston caps were screwed into these holes., For a run in which the injec-
tion rate was to be measured, the serrated rod assembly was next placed
into position. The remaining parts of the reactor were then assembled
and pecured.

For rms in which the light intensity was to be measured the



phototube container was attached to the window assembly at the end of
one of the observation arms. The contaliner could be fitted directly

on the reactor frame and supporft_pd by the reactor when it was intended
to use Photocircuit II. The container was supported separately by a
ring stand and connectéd to the window assembly by a thin coil of sheet
rubber or paper, however, when it was intended to use Photécircuit III
because of the much higher sensitivity of Photocircult III to mechanical
vibrations. For runs in which the injection -rate was to be measured,
the phototube container was mounted as shown in Fig, 15,

The electronic adjustments that had to be made for sml.:ltan.eoﬁs-
pressure and photoelnctr;i.c measurements were as follows: The transient
pressure measuring system was first adjusted by the method al:geady
described in connection with Reactor I. The output of any of the three
photocircuits was connected to the vertical p;l.ates of Oscilloscops IX.
The output signal from the chosen photocircuit could be viewed on
Oscilloscope II by turning switch SW7, shown in Fig. 7, to position E
when awitches SWL and SW2 wers in positions IIT and A, respsctively.
This connected the saw—topth oscillator contained within Oscilloscope
I to the horisontal plates of Oscilloscops II., The desirsd gain range
of the photocircuit was then selected by adjusting the control on the
panel of the photocircuit. Switch SW7 must then be turned to positioﬁ
D. With switches SWl. and SW2 in positions III and B or C, the time base
was tested an Oscilloscope II by momentarily closing switch SW6. The
photoelectric trace was next positioned on the screen of Oscilloscope
II. The horisontal position was adjusted by means of R33 and the
vertical position by means of the vertical control located on the panel
of Oscilloscope II. The entire apparatus was now ready for operation.
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Both cameras were then mounted in front of the oscilloscopes and
the shutters opened. The driving gas was then charged into the pneumatic.
injector. The injector was begun by manually rotating the. cocking block.
After the reaction, the camera shutters woere closed, ths electronic
apparatus turned off, and the reactor dimsantled.
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CHAPTER V
STUDIES OF VARIOUS REACTIONS

Studies were made of the reaction. of scdium-potassium alloy with

water and ethandl. : These studies were designed to supplement the

results obtained by McKinney, Studies were also *udp of several fusl-
oxidant systems. The fusl-oxidant systems included:

A.
B.
c.
D.

Nitric acid vs. hydrasine

Nitric acid va, aniline

Hydrogen peroxide vs. hydrasine

Nitric acid vs, liquid ammonia, hydrasine mixtures,

Beaction of Sodium-potassium Allgy with Water in Regctor I

Alloys of sodium and potassium are liquids at room temperature

over a moderate range of composition. The alloy used for this study

was obtained from the Mire Safety Applisnces Co. ihe allay was analysed

by the method outlined in Appendix III and found to contain 83.9%

potassium by weight, The alloy reacts rapidiy with both water and

oxygen so that. special techniques had to be used in order to load the

reactor.

A modification of the procedure used by McKimney to load

aluminum borohydride into Reactor I was used in the present study to

load the aglloy into the small cylinder of Reactor I.

In this procedure, a hypodermic needle was attached to the jet of

the small injection plate after the plate was attached to the cylinder.

By means of a hole in the reactor above the small cylinder, it was

possible to connect a long thin rod to the small piston so that it

could be moved up and down within the cylinder. In this way the small
piston served as the plunger of a syringe. McKinney distilled the
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borohydride into a small vial that was closed by a thin rubber cap of
the type used for insulin containers. The neecdle then was pushed through
the rubber cap. . The cylinder could then be filled without bringing the
borohydride intc contact with the atmosphere. The rubber cap method was
not used, however, for the alloy. The alloy was first freed fram solid
material by distilling about‘ 10 cc. into a =small glass vial. The entire
sample was dis'l;.illed to avoid fractionation. The distillation was
carried out in an all glass high vacuum apparatus using a smoky torch
flame, The alloy in the vial was then covered by distilling a few cc.
of dibutyl ether into the vial. ‘The dibutyl ether was first purified by
drying over some of the alloy and by bulb to bulb distillation. The
vial was then removed from the vacuum apparatus and opened to the atmos-
phere. To load the reactor, the hypodermic needle was immersed through
the ether layer and into the alloy before the plunger was raised to fill
the cylinder. The vial was weighed both before and after loading the
reactor. The weight loss then gave an accurate indication of whether
the cylinder was filled or not. The hypodermic needle was then removed
and the large cylinder filled in the usual manner.

The reaction of the allcy with excess water can be represented by

eq 190

Q9 M+ HO —> WH + 0.5 Hy

2

A typical pressure vs. time trace is shown at the top of Fig. 31. The.
data from the trace are plotted as curve B of Fig., 32, Curve A iz a
pPlot of a run made by McKinney of the same reaction. The theoretical
pressure expscted from the hydrogen generated according to Eq. 19 is
shown at the lower right of the figure. | The pressure vs. time curves
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Transient Pressure Traces of Alloy, Water
Reaction, Run %9 and Run 60, Reactor I,
Time Base: 230 msec,
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show two maxima, which were not entirely reproducible. In the run due
to McKinney, curve A, the second pressure maximmm occurred L0 msec,
after mixing began, while in the run represented by curve B, the first
pressure maximum was much lower and the second displaced much farther
in time, occurring some 86 msec. after mixing began.

The data for the sodium-potassium alloy, water reaction are
summarized in Table 20. Some of the data obtained by McKinney are
included in the table., The second column of the table is the pres-
sure of the first maximum minus the pressure corresponding to the
minimum. This overswing ie due to the heat of the reaction. The third
column of the table gives the pressure corresponding to the minimum,
This pressure is to be compared to 0.62 atm., the calculated pressure
of hydrogen generated according to Eqe 19. The fourth column of the
table gives the pressure corresponding to the second max:i.mm. The
second maximum will be shown to be due to an explosion occurring between
the hydrogen libsrated by the reaction and the air present initially in
the reactor, The time between the second maximum ayd the beginning of
injection is given in the fifth columm of the table. The sixth column
gives the final pressure of the reaction products measured on the O to
160 1b. per sq. in. Bourdon gage.

The first group of data in the table were ocbtained with laboratory
air present in the reactor. The measured final pressures are well
below the calculated hydrogen pressure of 0.62 atm. which is in agreement
with the hypothesis that there was a hydrogen, oxygen explosion occurw
ring. The window was built into Reactor I to further verify the
exlstence of an explosion. In run 33, a very bright yellow flash was
noted visually through the window., A run was made using Photocircuit I.
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The photcslectric trace is shown in Fig. 33. The light emlssiocn began
about 17 msec. after mixing began.

The poor reproducibility of the height of the first maximum and
thé ignition delv of the explosion is probably dus tc the uneven descent
of the two pistons in Reactor I. It is likely that the large piston
started to move first. This would force water into the small cylinder
containing the alloy. This early reaction heated np the unreacted alloy
so that the reaction eventually took place at a higher temperature. The
effective reactant ratio for the reaction occurring in the small cylinder
was closer to unity than if proper mixing were obtained, This counld
produce excessive heating of a small amount of material and give rise to
the large first maximm. The shortened ignition delsy was also probably
due to the high temperature created by the uneven starting of the pisioms.

The runs plotted in Fig. 32 show the extrems cases. Run 59, curve B, had

a very emall overswing and a long ignition delay while run 145, curve B,

had a large overswing and a short ignition delay.

-The effects of the delay in starting of the small piston on the

' alloy, water reaction would be more serious if the small cylinder were

not full. The method used by McKinney to load the alloy into the reac-
tor gave no indication of how nméh alloy actually entered the cylinder,
The method used in the present study made it possible to qu<336 how full
the cylinder was., For the/runs reported in Table 20, the welght loss
of the sample vial varied between 0.83 and 0.90 gm. except for run 36
in ﬂch the weight loss was only 0.62 gm. Reference to the table will
show that run 36 showed a relatively high overswing and a shortened
ignition delay.

Several runs were made to test the effect of additives and changes
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Iight Intensity Trace of Alloy, Water
Reaction, Reactor I, Time Base: 65 msec.
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of atmosphere. The reactor atmosphere was flushed with nitrogen in
several runs. This was accomplished by filling a shallow glass tray in
the interior of the reactor with liquid nitrogen before the reactor was
completely assembled. The liquid nitrogen evaporated gradually after
the reactor had been assembled. The gas was allowed to escape through a
valve located on the piping leading to the strain gage. Several hours
were then allowed for the reactor to reach room temperature before the

injection was begun. It is not certain how much of the cxygen of the

original reactor atmosphere was removed by this procedure. It was esti- -

mated that the oxygen content was reduced to a value between 5 and 10%.
The data are shown in Table 20. This procedure was carried out in the
case of run 52, The ignition deliay was reduced to 37 msec. even though
there was a low first maximum. When the water was replased by a solutim
0.036 M in acetaldshyds, the delay was found to be LO msec. The acet-
aldehyde was added to remove the dissolved oxygen from the water. When
the reactor was flushed and the acetaldehyde solution used, there was

no ignition. The trace, run 60, is shown at the bottom of Fig., 31. It
is apparent from the trace that there is no second maximum. In this
case, the final pressure was closer to the expected yield of hydrogen.
Two runs were made of the reaction of the alloy with an excess of

10 M KOH solution. With alr present in the reactor, the ignition delay
was Ll msec. When the ongenvcontent of the air was reduced to 5 or 10%,
the ignition delay was reduced to only 22 msec.

Reaction of Sod;.pm-potaasium Allo{ with Water in Reactor II

A difi'onnt procedure was used to ldad the allcy into one of the
cylinders of Reactor II. The alloy was purified in a few cases by
distillation. In most cases, the alloy was freed of oxide and other
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solids by ﬁl_bering it through a fine glass capillary in a high vacuum

apparatus. About 5 cc. of alloy were transferred from the steel con-
tainer in which it was delivered from the manufacturer to the glass
vacuwm apparatus by means of a 5 c¢. hypodermic syringe having a four
inch needle, The opening in the vacuum apparatus was then sealed off,
The system was evacuated and the alloy heated sli;htly to increase its
fluidity., Nitrogen pressure was then applied to the alloy foreing it to
flow through a fine glass capillary about ten inches long. The slloy
discharged into a vial which could be sealed off under vacuum., The
alloy showed no trace of either white oxide particles or dark solid
impurities after this treatment.

The reactor was loaded by transferring the alloy from the vial to
the cylinder with a medicines dropper in a dry-box. The dry-box atmos-
phere had to be free of both water vapor and oxygen. The' dry-box was
nade from a large desiccator. The top of the desiccator was replaced
by a one-eighth inch thick brass plate. The plate had three large holes
in ite Two of these openings could be connected to rubber work gloves
and the third was covered with a Plexiglass sheet. The brass plate was
sealed tightly to the desiccator by three one inch wide rubber bands,
tightly stretched over the connection. The reactor was partially
assembled and inserted into the desiccator along with the closed alloy
vial .and accessory tools. The desiccator was sealed and the atmosphere
flushed overnight with Matheson Co. "prepurified” nitrogen that first
passed thromgh a heated copper trap and a phosphorus pentoxide drying
train., After about ten volumes of nitrogen had passed through the
dry-box, the alloy could be handled with no trace of atmospheric
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oxidation. The cylinder was then filled in the dry-box by the' procedure
described in an earlier section.

The alloy, water resction was studied in Resstor II at a volume
ratio of one to one. This corresponds to a 2.3 te 1 stoichiometric
excess of water. Although the reactant ratio was fixed, the absolute,
amount of the two reactants could be varied from sbout 1.2 ec. to 0.0
cc. The reaction has been mentioned in connection with the rate of mix-
ing studies and the study of the response of the transient pressure
measuring system. Examples of the type of traces obtained are shown in
Fig. 27 and Fig. 29. A pressure vs. time plot is shown in Fig. 28.

Several simultaneous measurements of the light emission and the
pressure rise were made. A typical pair of traces are shomn in Fig. 3k.
The 1ight emission began at the same instant that.injection began, i.e.,
the ignition delay was sero. The photoelectric trace shown in the figure
(Photoeircuit I) indicated that the. light emission preceded the pressure
rise by 4bout one msec. This is again believed to be the time required
for 'bhe first pressure pulse to travel the distance from the mixing
chamber to the diaphragm of the straih gage. . The operation of the photo-
circuit is essentially instantaneous. The light emitted by the reaction
overloaded Photocircuit I so that no plot of the time distribution of
the intensity could be made. The emission persisted, however, for sbout
20 msec, '

The data obtained for the alloy, water reaction are given in Table
2l. The second column of the table gives the calculated final pressure.
A differing amount of reactants was used for the runs. The final pres-
aures were calculated from Eq, 19 for the measured quantity of alloy
introduced into the reactant cylinder, the volume of the reactor for the
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particular run, and room temperature. The third column gives the pres-
sure at the maximum. The fourth colwmi gives the msasured final
pressure., Some of the measurements were made with the Bourdon gage;
others were made by the mercury manometer method. The ﬂnal column
shows the calcqh‘ind @ua the observed value for the final pressure,
The first group of data were cbtained with laborstory air present in
the reactor initially. The table is arranged in the order of the

amount of reactants employed. The maximum pressures generally decreased

as the amount of reactants were decreased with the exception of run L3
where it appears that the explosion was inhibited in scme way. The
difference. in the calculated and observed final pressure values indi-
cated that the explosion consumed 30 to 50% of the hydrogen yield
(excluding run 43).

Several runs were made in which the reactor atmosphere was flushed
with nitrogen. Ia two runs, 21 and 19, the reactor was flushed with
tank nitrogen that was stated by the supplier to contain sbout 1%
oxygen. m valves were connected to Reactor IT so that the atm;aphen
conl& be ﬂnahed very thoroughly. In two runs, 18 and 17, the reactor
was flushed with Matheson "prepurified” nitrogen which had-been first
passed through s heated copper trap and through a phosphoﬁa pentoxide
drying train. The water used for these two runs was boileé and loaded
into the reactor while hot. The water had several hours to reach room
temperature while the reactor was being .flushed. These runs showed a

maxigum pressure lower than those cbtained with air present. The agree-

ment between the calculated and observed final pressures was also much
better. The camstant discrepancy, ca. 0.21 atm., in the calculated
minus observed value in the oxygen free runs is probably due to
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unreacted ‘alloy remaining in the .lead tube and jet of the mixing plate.

Reaction of Sodiumepotassium Alloy with Ethanol in Reactor II
The procedure for loading the allay into Reactor II haa already

been described. Gold Shield Absolute Alcohol was used without further
purif;c.tién. The allcy was loaded in the dry-box, while the alcohol
was loadod quickly in the air. The reaction was studied at a volume_
ratio of one to one, This correspends to a 1.i2 to 1 stoichiometric

excess of the alloy over the alcohol, The reaction can be represented
by Eq. 20.

(20) M + CoHOH —> CHOM + 0.5 H,

mme runs were made of the reaction carried out in phe presence of
laboratiory air and three were made after the reactor had been thoroughly
flushed with the highly purified nitrogen described previocusly.

A typica.i pressure vs. time piot for the reaction carried out in
the presence of air is shom in Fig. 35. A powerful light flash was
observed visually for these runs and hence the second maximum probably
involved the hydrogen, oxygen explosion. Ths calculated and observed
final pressures are shomn at the lower right of the figure. Caibon
depdsits were found in the reactor after the runs suggesting the
paﬂicimtim of alcohol in the explosion. Unreacted alloy was also
found after each run. The data are summarized in Table 22, The
reaction shows two pressure maxima, The pressure corresponding to
the first maximum was of the correct order of magnitude to attribute
to the hydrogen liberated by the reaction as expressed in Eq, 20,
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Table 22. Reaction of Ethanol with a 1.42 to 1
Molar Excess of Sodium-potassium Alloy
in the Presence of Air, Reactor II

Calculated Maximum Observed Ignition

-Ran  final pressure, presgure, final preassure, delay,
in atm, in atn,. in atm. in msec,
55 0.23 2.5k 0.14 1.8
56 0.50 3.72 0.38 4.5
57 0.ho 3.90 0.33 5.5

Because of the low value of this pressure and the noise associated with
the traces from Reactor II, it was not possible to evaluate accurately
the pressure variations occurring during the first few msec. of the
reaction. The beginning of the second maximum was clearly delayed as
indicated in the fifth column of Table 22. The observed final pressures
were somewhat below the values calculated from the expected yield of
hydrogen. The exact significance of the final pressure is most uncertain
because of the fact that carbon deposits were found.

A typlcal pressure vs. time plot for the reaction carried out in
inert atmosphere is shown in Fig, 36. The curve at the ieft was obtained
from an oscilloscope trace in the usual way; the curve at the right was
taken from readings made on the mercury manometer for a period of over
an hour. The calculated final pressure is shom at the right of the
figure. Thers is only one maximum. The pressure variations occurring
during the first 30 msec. of the reaction could not be e1 .uated very
accurately because of the effect of noise on the very low prassure
values involved, The data are shown in Table 23. The reaction responsi-
ble for the slowly rising pressure occurring beyond a minute after the
initiation of the reaction is not known,
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Table 23, Reaction of Ethanol with a 1.42 to 1
Molar Excess of Sodiumepotassium Alloy
in the Absence of Air, Reactor II

Calculated Pressure " Pressure Pressure

Run final pressure, at 100 msec.,, at 1 amin,, at 1 hour,
in atm. in ata. in atm. in atm.

59 0.355 - 0.12 - ®

60 0.Lk5 0,22 0.1 0.23

* 5 slowly rising pressure was noted but not followed.

Pmasﬁre Measurements. of the Hydrazine, Nitric Acid Reaction

The nitric acid used in the siundy was prepared by the vacuum dis-
tillation of a mixture of nitric and sulfuric acids. -Approximately 100
cc. of Merck Reagent Grade Fuming Nitric Acid, about 95% mio3 s and 100
cc. of General Chemical Co. Reagent Grade Sulfuric Acid, about 95%
n.‘,soh, were mixed and placed in a 250 cc. flask contained on an a.ll
glass high vacuum apparatus. The mixture was cooled to 0°C by means
of an ice bath before the apparatus was evacuated. The anhydrous nitric
acid was collected in a large trap cooled by a dry ice, trichlorvethylers
bath. It required about 30 hours in a vacuum. of 10 mm. Hg to collect
50 cc. of the anhydrous material. The material was then distilled in
vacuum into a large vial and removed from the vacuum apparatus. The
acid was poured quickly into a 250 cc. Erlenmeyer flask having a grou:;d
glass stopper lubricated with fluorocarbon grease., The material was
stored between runs by placing the flask in a dry ice bath. The acid
used for most of the runs was completely colorless. In a few runs the

acid had a slight yellow color corresponding to decomposition into



nitrogen dioxide, water and oxygen. The acid was analyzed by the method
outlined in Appendix III. The various batches of acid, both freshly
prepared and after long periods of storage, consistently analyzed between
100.2 and 100.8% HNO;. The nitrogen dioxide content of a badly colored
batch was found to be only 0.1% by the method described in Appendix III.

‘The hydraszine was prepared from Matheson Co. Anhydrous Hydrazine,
about 95% NoH), by refluxing and vacuum fractionation from caleium or
barium oxide. An equal quantity of the hydrazine and the oxide were
added to the pot of an all glass vacuum distilling apparatus. The
material was refluxed in a nitrogen atmosphere for several hours at a
pressure of about 50 mm. Hg. The hydrazine was then fractionated, the
first half being collected. The produect of several. such preparations
were analyzed by the method outlined in Appendix III and found to be
between 97.7% and 99.0% NoH, .

Both materials were loaded into Reactor II using the automatic
pipet method described in a previous chapter. The amount of reactants
used for a run were such that a stroke length of the piston system of
seven-eighths inch was oblained. The resulting reactant volumes are
given in Table 2 for the various reactant ratios that were studied.

The corresponding weight and mole ratios are also given in the table.

The pressure generated by the reaction was found to be much higher
than that obtained in the reactions of sodium-potassium alloy. FBecause
of this, some difficulty was sxperienced in preventing leakage of the
product gases through the piston gaskets. Difficulty also resulted from
the fact that the solutions tended to back up through the gaskets during
injection. This resulted in poor reproducibility of the pressure traces.
At first, both gaskets on the pistons were made of neoprene and
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Table 2L, Amounts of Hydrasine and Nitric Acid
Employed in a Run in Reactor II

Nominal  Volwme  Volume  Weight ratios* . Mole ratio:
reactant HNO, NoH), nitric acid to nitric acid

" ratio in cc. in cc, hydrazine to hydrazine
h t 1 2.81‘.. 007h 5065 2-87

2 31 1,59 0.7h 3.17 1.61
1.5 : 1 1.11 0.7h 2,20 1.12

1 :1 1.11 1.11 1.48 0.75

1 :1.5 0.7h 1.11 1.00 0.51

1 2 0.7L 1,59 0.69 0.352

impregnsted with an inert grease. Both hydrasine and nitric acid
attacked the lower gasket resulting in severe leakage. A lower gasket
made of Teflon was then tried. Teflon, however, has no elasticity and
would not assume the shape of the cylinder so that although no corrosion
was apparent, the single neoprene gasket did not contain the preasilre
adequately. The lower Teflon gasket was replaced. by one made of
aluminum. . The aluminum did not score the stainliess. steel cylinder wall
nor did it lose its shape readily. Again, however, the. single neoprene
gasket was insufficient to contain the pressure., The leskage problem
wes finally solved when another neoprene gasket was added to the pisions.
The final arrangement consisted of one aluminum gasket located near the
leading edge of the pistons and two neoprene gaskets about one-eighth
inch apart located near the trailing edge of the piston. The space
between the necprene gaskets was filled with the inert grease. The
pistons are shown in Fig. 5. Samples of aluminum, fluorocarbon grease,
and stainless steel of the type used in the spparstus were stored under
a sample of anhydrous nitric acid for several days. No corrosion or
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reaction was apparent on visual inspection.

A number of runs were made during the development of the final
apparatus, The result of these runs will not be reported, however,
since sufficient runs were made of the reaotion with the apparatus in
its final form.

The reaction of nitric acid and lvdi‘azine can be represented by
Eq. 21 for the stoichiometric mixture if it ie assumed that complete
thermodynamic equilibrium is reached at the temperature of the flame.

(21) b HNO; + 5 "z"h —> TH, + 12HO0

The mole ratio corresponding to the stoichiometric mixture is then
0.80 moles nitric acid per mole hydrasine., This ratio falls in be-
tween the one to one volume ratio and the one and one-half to one
ratio obtainable with Reactor II.

A typical pressure trace is shown in Fig. 37. The run was made
with the one and one-half to one reactant ratio with nitric acid in
excess, The pressure vs. time plot for the run is shown in Fig. 38.
The pressure vs. time curves for all of the six reactant ratios showed
a8 single pressure maximum. The time of the rise of the pressure to
the maximum corresponded roughly to the time of completion of injection.‘
The results of the pressure measurements for the reaction of one and
one~half volumes of nitric acid with one volume of hydrazine are shomn
in Table 25. The average value of the several determinations is also
shown in Table 25, The average values for all of the reactant ratios
are given in Table 26.
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Fig. 37.

Transient Pressure Trace of the Reaction of
One and One-half Volumes of Nitric Acid with
One Volume of Hydrazine, Run 146, Reactor II,
Time Base: 100 msec.

142
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Table 25, Results of Pressure Msasurements for the
Reaction of One and One-half Volume of
Nitric Acid with One Volume of Hydrazine

Maximum Time from the start Pressure, 20 msec. Final

pressure of the pressure after the start of pressure,

Run 1rise, in rise to the the pressure rise, in atm.
atm, maximum, in msec, in atm.

lhl 3208 hoBO 20.7 -
12 31.0 k.00 , 19.0 1.84
W6 32.0 14,00 19.6 TL.79
47 30.9 3.90 - 19.0 1.79
Ave, 31.7 L.05 19.6 .80
Light Emission Measurements of the e. NMitric Acid Reaction

A number of simmultaneous measusements of the transient pressure
and the light emission were made for each of the six reactant ratiocs
studied. Photocircult II was used for all of the photoelectric
measurements. The tr’aces from a simultaneous pressure and light
emission measurement are shown in Fig. 39. The results of the traces
are plotted in Fig. 4O. The run represented by the figure was the
reaction between two volumes of hydrasine and one volume of nitric acid.
The data indicated that the beginning of light emission preceded the
start of the pressure rise by about 0.8 msec. The carrier wave fre-
quency for the trace was 1080 cycles so that the relative timing between
the traces has an accuracy of only about 0.5 msec¢. For the six reactant
ratios studied, the light emission preceded the start of the pressure
rise by 0.2 to 1.6 msec. Two runs made of the reacticn of two volumes
of nitric acid with one volum® of hydrazine indicated that the pressure
riss began 0,1 and 0.8 msec. before light emission began. No
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Simultaneous Pressure and Light Intensity
Traces of the Reaction of Two Volumes of
Hydrazine with One Volume of Nitric Acid,
Run 152, Reactor II, Time Base: 100 msec,

146



o s -

B LTI

B
’ .

=4 EEw - oves

U

g e i T

S e e T S s TP TR . TN
H A HRNCE o ECE -
M - >

C

4"’"@

INTENSITY
OF LIGHT EMISSION

RELATIVE

W »
St ¢ 3

PRESSURE — ATM.

O

17
l l | I
e \-
I | | |
0 LY i0 15 20 2s
TIME - MSEC.
Fig. LO. Pressure Rise and Light Intensity in Reaction of

Two Volumes of Hydrazine with One Volume of
Nitric Acid, Run 152, Reactor II.



e e AARE A n5 o

e B IS, S ke e e @ iR o Ao~ g b e G = = — [P Y S —

18

significance could be attached to this observation because of the
estimated experimental error of 0.5 msec. .

The amplitude of the photoelectric traces was not reproducible
for the reasons discussed previously. The felative intensity of the
light emission, however, increased as the ratio of hydrazine to nitric
acid was increased. The light intensity produced by reactions in
excess nitric acid was very low. Only a dull red flash was noted by
visual obscrvation, The emiasion persisted in some cases beyond 20
msec., for the acid rich runs. Plots of light intensity vs. time are shown
in Fig. 4l for the reaction of one and one~half volumes of nitric acid
with one volume of hydrazine (run 1h6) and for the reaction of equal
volumes of the two (run 107). The light emitted by the one and one-half
to one mixture persisted for only a few msec. The light emitted by the
reaction in excess hydrazine persisted for a much longer time. The light
emission from the three hydrazine excess reactant ratios all had a time
distribution similar to that shown in Fig. Ll for the equal volume case
(run 107). The light emission persisted for the hydrazine rich reac-

tions wp to 20 mossc, in some cases,

Injection Rate Measurements of the Hydrazine, Nitrig Acid Reaction

A number of simultaneous measurements of the transiexi‘o pressure

and the injection rate were made for each of the six reactant ratios
studied. Fhotocircuit III was employed for these measurements. The
traces from a typical simultaneous measurement are shown in Fig. 42,
The results of the traces are plotted in Fig. L3. The plot represents
a run nade of the reaction of one and one-half volumes of nitric acid
with one volume of hydrazine. It is apparent from the figure that the
pressure rise began 2.2 msec. after the beginning of injection. The
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Fig. L2,

Simultaneous Pressure and Injection Rate
Traces of the Reaction of One and One-half
Volumes of Nitric Acid with One Volune of
Hydrazine, Run 142, Reactor II, Time Base:
25 msec.
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relative timing between a pressure trace and an injection rate trace
has already been ;stmtod to be accurate to within 0.2 meec. The
plot of piston position vs. time shows a definite break in the slope.
This break was not observed in any of the resulis obtained for the
injection of water. The slowing of the injection rate must have been
due to the kinetic reaction of the flame on the injection system. The
constancy of the injection velocity near the completion of injection
suggests that a stable fluzme front is produced within the exit tube
before injection is completa.

The time between the beginning of injection and the point of
change of the injection rate was evaluated for ali of the runs by
graphically estimating the point of intersection of the two linear
portions of the plot. The results are shown in the fourth column cf
Table 27. The timé from the begimning of injection to the beginning
of the pressure rise is reported in the fifth column of Table 27,

This time varied hetween 1.3 and 2.2 msec. This time must be the sum
of the time requived for the {firat pressure pulse to travel from the
nixing chamber to the diaphragm of the strain gage and the ignition
delay referred to the pressure rise. An infinitesimal disturbance will
travel through a fluid at the velocity of sound. The disturbance pro~
duced by the evolution of gases from the reaction in guestion probably
is initiated as a shock wave and hence is propagated at a supersonic
velocity. The channel connecting the strain gage to the reactor,
however, has five 90° bends and various surface irregularities. A shock
wave could not be propagated through such a channel without suffering
numerous reflections and complex interactions with the walls of the
channel. It is thus likely that the average velocity of the initial
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disturbance is not much higher than the scnic velocity. The distance
the disturbance has to travel from the exit tube of the mixing plate
to the strain gage is about 1.5 feet. The velocity of sound in air at
room temperature is 1120 feet per seccnd. The time required for the
pressure wave to travel this distance then could not exceed 1.3 msec.

The ignition delay referred to the beginning of the pressure rise
is equal to the time to the start of the preasure rise, shown in the
fifth column of the table, minus 1.3 msec, if it is assumed that the
pressure wave required 1.3 msec. to reach the strain gage. The calcu-
lated ignition delay values are shown in the sixth colum of the table.
Values between 0,0 and 0,9 msec. were obtained. The data obtained for
the time between the beginning of light emisaion and. the beginning of
the pressure rise is n direct measure of the transit time of the
initial preasure wave if it is assumed that the light emission occursn
simultaneously with the pressure rise. Values between 0.2 and 1.6
msec. were reported in the previous section. The calculated value of
1.3 msec. is in qualitative agreement with the observed range of values,
The agreement also indicates that the pressure rise and the light
enission begin simultaneously within the' experimental error of the
measurements,

The rate of equilibration of the pressure in the interior of the
reactor with the pressure acting on the strain gage should increase
rapidly during the injection. The velccity of sound in a perfect gas
is directly proportional to the square root of the absolute temperature.
As the reactor atmosphere becomes heated due to the ‘hont of the reace
tion, the equilibration rate would increase. This would expiain in
part why the pressure rise seems to accelerate slightly during the

15k
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approach to the pressure peak even though the injection rate has slowed.
The over-all injection time is compared to the time required for the
pressure to reach the peak value in the seventh and eighth columns of
Tabla 27. The data show that the pressure rise is completed in a some-
what shorter time than the injection time. This is also presumably due
to the increased rate of pressure equilibration,

The initial injection rate corresponding to the first linear por-
tion of the plot shown in Fig. 43 should be the rate that would be
maintained if no resaction processes were involved. The initial and
final injection velocities were obtained by graphical measurement of
the slopes of the linear portions of the plota, The measurzd values
are given in the sixth and seventh columns of Table 28, The injection
rate is expressed as the time for the piston system to descend seven-
eighths inch., The data in Table 28 show that the injection rate is
decreased by a factor of. approximately two because of the thrust created
by the reacticn process. The initisl injection rate can be calculsated
by the method used to calculate the rate of water injection. The
messured driving gas pressure given in the fourth column of Table 28
was first corrected for the pressure drop due to gas flow in the pneu-
matic injector using the result of the calculation reported in Appendix
IT. The corrected driving gas pressure was then used in conjunction
with the calculations detailed in Appendix I in order to derive the
calculated injection rates shown ir the fifth column of the table.

The calculated injection times are found to be much shorter than those
obgerved suggesting that the reaction inhibits the injection even in
the early stages of injection.
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Ms:l.a of the Products of the Hydrazine, Nitric Acid Reaction

Several methods were employed to derive information 'conceming the
products of the reaction of hydrazine with nitric acid. The liquid
products from several runs were collected by rinsing the reactor with
distilled water. The resulting solution was analyzed for total acidity
and for hydrazine by the methods described in Appendix III. Some of
the liguid remsined as droplets on various parts of the reactor and
was not collected, It is estimated, however, that 80% or more of the
liquid product of a run was collected by the method employed. There
was no more than a trace of hydrazine found for sny of the reactant
ratios studied. The results of the analysis of total acidity are
given in Table 29, The acid content is expressed as the percentage of
the total nitric acid introduced into the reactor originally. The
liquid products of several runs were allowed to evaporate to dryness.
No solid products were found for any oi the reactant ratios studied.

Table 29. Residual Acidity in the Liquid Products
of the Hydrazine, Nitric Acid Reaction

Average acid content
of liguid product,

Reactant Reactant in per cent of Number of
ratio in excess original HNOB determinations
bos1 HHO, 25 1

2 1 HNO3 17 6
15:1 Hyo3 12 L

1 1 - 0 3

1.5 :1 NoH), 0 3

157
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Seversl mms were made in which the gaseous products were f.zollec'oed
and sent to the Institute of Gas Technology for mass spectrometric
analysis. For these rms the reactor was flushed thoroughly with tank
helium before injection was begun. About two seconds after injection,
the contents of the reactor were expanded into the five liter buld
syatem, which had previously heen evacuated to a pressure of about 3
mu. Hg. The large volume was then transferred to a high vacuum
apparatus. The veolume containing the product gases was opened to the
vacuum apparatus and a sample taken. The pressure of the.sample was
measured on a mercury manometer. The sample was then equilibrated with
a liguid nitrogen bath by passing the gas back and forth through the
cooled trap by means of a Toepler pump. The nom-condensable gas in the
small sample was then discarded. The condensed material was allowed to
warm to room temperature. The totel pressure of the condensibles could
then be measured on the manometer. Since the two pressure measurements
referred to the same gas volume, it was possible to evaluats the per-
centage of condensibles in the product gases, The condensibles were
then discarded and another sample taken from the large bulb system,
This sample was equilibrated with a cold trap. The non-condensible
material was then expanded into a sample bulb and sent away for anal-
yeis on the mass spectrometer. The remainder of the product gases was
then slowly passed through a trap cooled by liquid nitrogen so that all
of the condensible products could be .collected. An attempt was then
mnade to qualitatively identify the condensible materials.

The foregoing analytical procedure was carried out on the products
of the reaction of four different resctant ratios. These ratios were

(1) four volumes of nitric acid to one volume of hydrazins, (2) one and
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one-half volumes of nitric acid to one volums of hydrazine, (3) equal
volumes of the two, and (L) two volumes of hydrazine to one volume of
nitric acid. The first of these ratios is an example -of en acid rich
mixture., The second and third are examples of near stoichiometric
mixtures. The fourth is an exemple of a hydrazine rich mixture. A
discussion of the analysis of the products for each one of thess
ratios. followses

1; The reaction of four volumes of nitric acid with one volume of
hydrazine: The gaseous products were crudely separated firom the liquid
products by the expansion of the gases into the large evacuated volume.
The liquid products were allowed to remein in the reactor. The gases
obtained by this manner unavoidably contained a small quantity of water
vapor. The gases were then transferred to the vacuum apparatus and
divided into condensible.and non-condensible fractions, The gases
analyzed by the mass speétrometorfmre only those that were not con-
densed by liquid nitrogen. D:Lareéarding helium, the non-condensihle
gas was found to be nitrogsn with only traces of hydrogen and oxygen.
The condensible fractiom of the product gases had the characteristic
color of 302. The condensibles were colorless at the temperature of
liguid nitrogen, however, indicating that mo ko was present, since
solid NO has a blue color. Any NO formed by the reaction would have
been converted into N02 by 'bhé oxygen found in the non-condensible
fraction. -Any ammonia produced by the reaction would have remained in
the reactor ss ammonium nitrate. The only gases that could likely have
been in the condensible fraction were then. NO, and N,0. It was not
possible to separate any N,0 from the NO, by distillation., The sample
had a pressure of 257 mm. Hg when collected in a 0°C trap. The vapor
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pressure of the equilibriums mixture of NO, and N,0) at 0°C is 53 mn.
33.38 Any No0 would have been entirely in the gassous phase at this
temperature so that a very rough estimate would .place the total pres-
sure of the Neo at gbout 200 mm. Hg. The volume of the trap system
on the high vacuum apparatus was not much greater than about L0O ce.,
i.e., 1t had spproximately the same volume as the reactor, so that the
total contribution of the Nzo to the final pressure of the resction
products in the reactor was probably not more than about 0.3 atm.

The total final pressure for the four to one runs was shom to be
2,66 atm. in Table 26. The final result of the analysis of the reac-
tion preducts is symuarised in Table 30 for the four to one reactant
ratio. About 10f of the original reactant moles were unaccountsd for
in a material balance based upon the results shown in Table 30.

Table 30. Produots of the Reaction of Four Volumes of
¥itric Acid with One Volume of Hydrazine

Partial pressure Calculated
Component in reactor, in atm. millimoles Footnote

5, 1.17 16.1 a
02 0005 007 a
B, 0.0l 0.1 a
N,0 0.3 b b
Ni 3 0.3 L b,c
HNO - 17 d
H203 - 6'.]. 8

& Calculated from mass spectrometer analysis.
b Gondensible fraction.
C Based upon equilibrium constant sza/Pl'zou = 0,136 atm. at 25°C,

d Calculated from the snalysis of liquid products.
8 By difference, based upon a hydrogen balance.
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2:; The reaction of one and one=half volumss of nitric acid with
one volume of hydrasine: The non-condensible gases were found to
contain nitrogen and a small quantity of hydrogen. The condensible
gases were found to comprise only 18% of the total reactor pressure
excluding the original atmosphere of helium. The condensible gas had
& slight yellow color indicating the presence of noa. -The condensible
material had patches of blue color at the temperature of liquid nitre~
gen indicating the presence of ¥O. The condensible materisl had- a vapor
pressure of 13 m. Hg at -78°C. N0, has a vapor pressure of less than
1 mm. Hg at this unpomtm.” The pressure must have been dus to W0
and possibly N,0, since they are entirely gaseocus at this temperature.
The composition of the non<condensible fraction was not determined
further. The final result of the analysis is given in Table 31 for
the one and cne-half to one ratio.

Table 31, Products of the Resction of One and One-half Vclumes
of Mitric ‘Acid with One Volume of Hydrasine

Partial pressire Calculated
Componant in reactor, in ata. nillimoles Footnote

) 146 20,1 . a

é 0005 0.7 &
:60

mﬁ as ¥O 0e33 h.5 b
%0,

m3 -~ 3.1 (]
320 - 5002 d

% Calculated from mass spectrometer analysis.
b Condensible frection.

¢ Czlculated from analysis of liquid products.
d By difference, based upon a hydrogen balance,
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Again, about 10% of the original reactant moles were unaccounted for
in the material balance based upon the results shown in Table 31.

3. The reaction of equal volumes of nitric acid and hydrasine:
The product gases appeared colorless indicating that very little if
any N0, was formed in the resction. Only 4% of the gases exciuding
the helium were condansible in liquid nitrogen. The mass spectrometer
sample m passed through a dry ice trap so that aome. of the materials
that were condenaible in liquid nitrogen would be included in the mass
spectrometric analysis. The mass specirometer analysis showed nitrogen
and hydrogen with traces of nitrous oxide and nitric oxide. When the
entire condensible sample was collected, a slight yellow color developed
indicating a very slight trace of 102. The blue color of ths frozen
material showed that NO was present. A summary of the composition of
the products for the reaction of equal volumes of the two reactants is
given in Table 32. Only about 3% of the original reactant moles were

Table 32. Products of the Reaction of Equal Volumes of
Mitric Aeid and Hydrasine

Partial pressure _Calculated _
Component in reactor, in atm. nilli.goles Footnote

N 2.82 3808 a
O.hh 6.0 a

) 0,06 0.8 a
ﬁ 0.03 O.h a
320 - 6901 b

Oalculated from mass spectrometer analysis,
By difference, based upon a hydrogen balance.

unaccounted for in the material balance based upon the results shomn
in Table 32.
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Lo The reaction of two volumss of hydrazine with one volume of
nitric acid: The gases were completely colorless indicating the
absence of 1102. The gases were passed through a trap cooled by carbon
tetrachloride slush (-23°C) before entering the mass spectrometer
ssmple tube., It was hoped that only wate:r vapor would be trapped out
of the sample so that all of the gases could be identified by the mass
spectrometer analysis. The analysis showed the presence of nitrogen,
hydrogen, asmonia and traces of nitrous oxide and nitric oxide., The
pressence of ammonia in the gases indicated that ammonia should also
be present in the liquid products. A crude calculation was made of
the anmonias concentration in the aqueous phase based upon the measured
concentration in the gaseous phase, the total final pressure of the
™n, and the absorption coefficient of ammonia, The results of the
analysis for the two to one case are given in Table 33.

Table 33. Products of the Reaction of Two Volumes of
Hydrasine with One Volume of Nitric Acid

Partial pressure Calculated
Component in reactor, in atm. millimoles Footnote

| 3.17 L3.5 a
é 2.32 31.9 a

3 0.36 k.9 a
NO 0.05 0.7 .3
B20 - 15.0 b
mB(‘q) - 9 c

2 Calculated from mass spectrometer analysis.

b By difference, based upon an oxygen balance,

¢ Calculated from the absorgtion coefficient,
A= 710 atmo-
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Only about LX of the original reactant moles wers wnaccounted for in
the material buh.nco based upon the results shown in Table 33.

The results of the analysis for the reaction products were necoes-
sarlly approximate when soluble gases such as HO, or RH, were involved.
Error could have resulted from the uncertainty concerning the amount
of material that was removed from the aqusous phase when the products
wers suddenly expanded into the large evacuated volume. Error in the
anslysis of the liquid products could have resulted from evaporstion «
the dissolved gases before the products were diluted with water. The
analyzis of the residusl nitric acid and the analysis of the nitrogen
dio:ldo content of the gaseous phase were complicated by the reversible
reaction represented by Eq, 22:

(22) 2HNO; T= 2M0, + 0.50, + HyO0

Because of this equilibrium, the nitric acid found after a run was nst
necessarily unreacted material. It could have been reformed from
nitrogen 'cu.oﬂde, water and oxygen. In the presence of a slight excess
of water, the equilibrium s to the left of Eq. 22 at room tempsrature.
This conlti account for the absence of oxygen in the acid rich runs.

It was uncertain how much of the reactants remained in the lead
tubes and jets of the mixing plate. The volume of the lead tubes and
Jets was from 6 to 11X of the total volume of the reactant cylinders
depending upon the reactant ratio under consideration. Some wnreacted
naterial was always found to remain in this volume after a rm. It
was assumed for the purposes of the material balances that the lead
tubes and jets were filled with unreacted material.
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Studies of fhe' E&E‘.‘h Nit:ic Acid Reaction

Aniline was purified by distillation from zinc dust. The product
was colorless and distilled at 182°C under a pressure of 750 mm. Hg.
The refrective index of the product was measured and found to be 1.5791
at 32.5°C. The reaction of aniline with nitric acid can be represented
by Eq. 23 for the stoichiometric mixture if it is assumed that the
reaction reaches thermodynamic equilibrium:

(23) CeHoNH, + 6.2 HNO3 —> 6.6 H)0 + 3.6 Ny + 6 COp

One rmmn was made of the reaction of equal volumes of aniline and nitric
acid., This corresponded to a molar ratio of 2.1l moles of acid to one’
mole of aniline. Only the transient pressurs was measured. The pres-
sure rise began about 2 msec, after injection began. The pressure
gradually rose to about 1.5 atm. over a period of 4O msec. Large
quantities of carbon and tar were found in the reactor after the run.
Two runs were made of the reaction of four volumes of arid with
one volume of aniline. This corresponded to 2 molar ratio of 8,18
moles of acid to one mole of aniline, A s:i.multaneox;s measurement of
the transient pressure and the onset of light emission was made. The
onset of light emission was determined using Photocircuit III. The
traces are shown in Fig. hili. The transient pressure trace is showm
at the top of the figure and the light intensity trace at the bottom
of the figure, The point at which the light emission began could be
located to within about 0.2 msec, with respect to the pressure trace.
No information is provided by the measurement concerning the time at
which injection began. The time from the beginning of the trace (the
closing of the contacts in the pneumatic injector) to the beginning
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Fig. Lh. Simultaneous Pressure and Light Emission
Traces of the Reaction of Aniline with Nitric
Acid, Run 157, Reactor II, Time Base: 25 msec.
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of injecticn, however, was found to be between 1,0 and 1.5 msec. for
the injection rate measuremsnts made with other systems in which this
time interval could be deduced. The result of the run is shown in
Fig. 5. Time is plotted from the beginning of injection assuming that
1.2 mssc, elapsed from the start of the trace to the beginning of
injection. The moment of light emission came 2.3 msec. after injection
began. The pressure rise began about 1.5 msec. later, The ignition
delay was thus 2,3 msec, The further delsy in the pressure rise was
probably only apparent, being due to the time required for the pressure
pulse to travel to the strain gage diaphragm. The maximum pressure was
42 atm. in comparison to the pressure of 1.5 atm. obtained for the one
to one ratio.

Another run of the four to one ratio was made in which it was
attempted to measure the injection rate. The start of injection could
be clearly discermed but the remainder of the trace could not be
interpreted. The beginning of the pressure rise occurred only 2.5
msec, after the beginning of injection. Allowing 1.3 msec, for the
pressure pulse to reach the strain gage, the ignition delsy was 1.2
msec, Damage was noted to the mixing plate after both of the four to
one runs, The exit tube was 1d.de_nad at the outlet and had the form
of a bell, The closed end of the exit tube was also bent and widened,
For this reason no further studies of the aniline, nitric acid reace
tion were carried out., A new mixing plate was constructed to replace
the damaged one,

The results of the aniline, nitric acid reaction are showmn in
Teble 3i. Large amounts of NO, but no carbon deposits were noted in
the products resulting from the reactions reported in Table 3k.
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Tsble 34, Ignition Delay in the Reaction of Four Volumes
of Nitric Acid with One Volume of Aniline

‘Ignition delay, Maximum pressure, Final pressure

Run in msec, in atm. in atm.
157 2.3 k2 4o31
158 1.2 35 3.2l

It is likely that the damage to the apparatus resulted from the fact
that the delayed ignition occurred while injection was still in pro-
gress, The flame may have flashed back along the issuing reactant
stream toward the exit tube possibly reaching a detonation velocity.
This could also account for the irregularities noted in the injection
rate trace, since it is entirely possible that injection was inter-
rupted or even reversed for an instant when the force of the ignition
first reached the exit tube of the mixing plate.

Studies of the Hydrogen Peroxide, Hydrazine Reaction
High strength hydrogen pe . :ide was analyzed by the method oute
lined in Appendix ITI and fourd to comtain 84.5% H,0, by weight. The

reaction can be represented by Eq. 2 for the stoichiometric mixture
if it is assumed that the reaction reaches thermodynamic equilibrium:

(24) NHy + 2H0, —> N, + LHD

Runs were made of the reaction of equal volumes of the two reactants,
This corresponded to a molar ratio of 1l.15 moles of hydrogen peroxide
per mole of hydrazine. Runs were also made of the reaction of two
volumes of hydrogen percxide to one volume of hydrazine. This
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corresponded to a molar ratio of 2.46 moles hydrogen peroxide per

mole of hydrazine.

The reaction of equal volumes of hydrogen peroxi.de. and hydragzine
showed a variczble ignition delay. The data are summarized in Table 35.

Table 35, Ignition Delsy Measurements of the Reaction of
Equal Volumes of Hydrogen Peroxide and Hydrazine

Time from the start Ignition delay

of injection to the

referred to the Maximuwm - Final

Run start of the pressure pressure rise, pressure, Dpreasure,

rise, in msec. in msec. in atm. in atm.
161% - - 27 1.9
163 1L 0.1 L2 1.8
165 2.4 1.1 55 3.0
162 3.5 2.2 58 -

*&mltamcus‘maanrement of the pressure rise and the onset of

light emission, light emission preceded the pressure rise by 1,0 msec.

170

The second column of the table shows the observed time from the begimning

of injection to the beginning of the preasure rise. Tha data were

obtained from simultaneous injection rate and transient pressure

measurements. It was assumed that the initial pressure pulse required
1.3 msec, to reach the diaphragm of the strain gage. The ignition
delay was then equal to the time given in the second columm of the

table minus 1.3 msec. In the first three runs reported in the table,

the ignition probably occurred while injection wes still in progress.

The result of the simultaneocus measurement of the injection rate and

the transient pressure for run 163 is shown in Fig. LU6. The slope of

the plot of piston position vas, time shows a sharp break indicating

further that ignition did occur during the injection. The result of
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run 162 is shown in Fig. 47. The linear character of the injection
indicated that ignition did not occur until injection was complete,
The injection time for run 162 was 1.80 msec, and the driving pressure
was 1600 1b, per sq., in. which is in agreement with the results
obtained for the injection of water reported in Table 17.

Ths reaction of two volumes of hydrogen peroxide with one volume
of hydrazine showed a more consistent ignition delay. The data are
summarized in Table 36,

Table 36, Ignition Delay Measurements of the Reaction of
Two Volumes of Hydrogen Peroxide with One
Volume of Hydrazine

Time from the start Ignition deélsy

of injection to the referred to the Maximum - Final
Run start of the pressure pressure rise, preassuré, pressure,
rise, in msec. in msec. in atm, in atm,
166 2.6 1.3 32 1.7
167, 3.0 1.7 i 1.8
168 - - 36 1.9

*Simultaneous measurement of the pressure rise and the onset of light
emission, light emission preceded the pressure rise by 0.7 msec.

The second column of the table shows the ohserved time from the begine

ning of injection to the beginning of the pressure rise, The ignition

delay was again calculated on the assumption that the initial pressure .

pulse required l.3 msec. to travel to the diaphragm of the strain gage.
The ignition delay was found to be between 1.3 and 1.7 msec. The
injection rate traces indicated that the ignition did cccur during

the injection.
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Studiss of the Resction Between Nitric Acid an
Ures ‘

~ The purification =i nitric acid and hydrasine have already been
described. The ammonia was taken from a tank of Penn:ylvgnia Salt Co.
Ankydrous Ammonia. The preparation of the liquid ammonia, hydrasine
mixtures was as follows: About one gram of anhydrous Lydrasine was added
to a small Exlenmeyer flask which had previously been weighed. The flask
was then rewsighed to obtain the weight of hydrasine., The flask was
quickly attached to a high vacuum apparztuc by means of a ground glass
joint, The hydrasine was frozen in the flask by means of a liquid
nitrogen bath. The system was then evacusted. Tank ammonia was
admitted at room. temperature to & calibrated volume of 3.650 liters which
was connected to a manomster, The amount of ammonia gas present in the
calibrated volume was then calculated by means of the perfect gas law,
The ammonia was allowed to condense in the flask with the hydrasine
until the pressurs in the large volume dacreased to a sufficiently low
valus, A new charge of samonia was then added to the large volume,
The procedure was rereated until the desired amovrt of ssmonia had been
added to the hydrasine. The flask was removed from the vacuum apparatus,

"covered and stored at the temperature of dry ice.

The reactor had to be cooled before the mixture could be loaded
into the reactant cylinders. The resctor was partially assembled and
cooled tc about -60°C by immersing it in sn insulated, two liter
beaker that contained a mixture of trichloroethylene and powdered dry
ice, The liquid smmonia, hydrasine mixturé was then transferred from
the storage flask to the cylinder by means of an automatic pipet which
had been cooled by immersion in liguid nitrogen. The piston was
inserted into the cylinder only after it had also been cooled by
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immersion in liquid nitrogen. After the nitric acid had been loaded
into the other cylinder, the reactor had to be removed from the cold
bath for a short time while the assembly was completed. The tempera=-
ture of the reactor rose to only about -45°C during this period, The
assembled reactor was then placed in the low temperature thermostatic
bath and brought to the desired temperature before injection was
initiated.

The runs had to be made over a rather limited temperature range.
The lower limit to the tempersture range was -12°C, the freezing
point of anhydrous nitric acid.!® The upper 1imit was -33%, the boil-
ing point of liquid ammonia.38 All of the runs were made of equal
volumes of the two reactants. |

A run was made of the reaction of pure liquid ammonia with
nitric acid, The thermocouple indicated a temperature of -47°C. At
this temperature, the nitric acid should have been frozen; howaver,
the injection appeared to have proceeded normally. Only the transient
pressure was meamured., The pressure showed a slight maximum of about
one stmosphere. The product of the reaction was a non-volatile white
solid, presumably ammonium nitrate. It thus appeared that there had
been no ignition. |

Two runs were made of the reaction of equal volumes of nitric
acid with a mixture containing 9.0% hydrazine. Both runs were simul-
taneocus measurements of the transient pressure and the onset of light
emission using Photocircuit III. The result of one of the runs is
shown in Fig. 48. Since it is not possible to determine when injection
began from the traces of a simultaneous light emission and transient

pressure measurement, it was again assumed that 1.2 msec. elapsed

PUNTS MR,
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between the beginning of the time base and the start of injection.
Injection rate measurements could not be made when the reactor was
located in the thermostatic bath., The data for the reaction of nitric
acid with the mixture containing 9.0% hydrasine are summarized in Table
37. The second column of the table shows the tempsrature indicated by
the themmocouple located close to the reactants before injection.

Table 37. Ignition Delay Measurements of the Reaction of Equal
Volumes of Nitric Acid with a Mixture of Rydrazine

and Liquid Ammonia Containing 9.0% Hydrazine

Ignition delay referred Maximum

Run Temperature, to light emiasion, pressure,
in 9C in msec. in atm.

17k -35 1.0 ' L1

175 -33 1.k la

Three runs were made of the reaction of equal volumes of nitric
acid and a mixture containing 2.7% hydrazine., The runs were simul-
taneous measurements of the transient pressure and the onset of light
emission. The results are summarized in Table 38. Again it had to
be assumed that injection began 1.2 msec. after the closing of the
contacts in the pneumatic injector. The result of two of the runs are
shown in F®g. 49. There was no light emission in runs 177 and 178.
The absence of light and the very low maximun pressure indicated that

no ignition occurred. It is apparent from the figure that the transient

presgsure for runs 176 and 177 began to follow the same course., In run
176, however, the mixture ignited giving rise to the emission of light

2.9 msec, after injection. About one msec. later the pressure began
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to rise rapidly. IV is sgain reasonable to suppose that the light

exission and the rapid pressure rise occurred simultanecusly, the delay

in the latier being only apparent.

Table 38. Ignition Delsy Measurements of the Reaction of Equal
Volumes of Nitric Acid with a Mixture of Hydraszine
and Liquid Ammonia Containing 2.7% Hydrazine

Maximum -

Ignition delay referred
Run Temperature, to light emission, pressurs,
in % in msec, in atm.
177 -l - * 3.5
178 -4l - % 3.5

*No ignition occurred.
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CHAPTER VI
DISCUSSION

The apparatus described here;l.n was designed to contact and mix
useful quantities of two liquids in the shortest possible time. Reactor
I was dea:l.gne_d by McKinney for the purpose of studying the kinetics of
rapld reactiéns in which a gas is formed. Reactor I contacts approx-
imately one cc. of one reactant with a large excess of a second
reactant. Reactor II was designed specificelly for the purpose of
studying the ignition of self-igniting fuel-oxidant systems. Reactor
II contacts more nearly equal quantities_ of reactant solutions.

In Reactor I, the liquid reactants are forced together by the
action of high pressure nitrogen gas on floating pistons. The two
pistons were not mechanically coupled so that there was no way to
insure that the pistons would descend together. McKimmey reported that
the large piston descended in 9 msec. and the small one in 5 msec.
Injection measurements were made during the preseni research in which
it was shown that the small piston completed its descent 3.5 msec. after
the large piston in a particular experiment. The only reaction studied
in Reactor I was the reaction of sodium-potassium alloy with excess
water. The delay in deacent of the small piston was shown to cause a

FLARR [ o

large maximum to occur in the transient pressure sometime during the
first 10 msec, of the reaction. Extreme care was required in the ‘
preparation of the piston gaskets in order to avoid a late start of
the small piston. The absence of a large first maximum in some of the
mms reported in Tsble 20 was -taken as evidence for the fact that
uniform piston descent had been achieved,
Reactor II was designed to avoid the difficulty due to the uneven
descent of the two pistons. In Reactor II, both pistons are driven by
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a single large piston whick in turn is driven by high prescure nitrogen
gas. This a.i"mgemnt wag responsible for the improved injection time
obtained with Reactor II. The driving gas pressure is applied to an
area of about 0.78 sq. in. The sum of the areas of the smaller pistons
for the cne to one injection system is only 6.15 8q. in. If an actual
driving gas presaiuwe of 2000 1lb. per sq. in. were employed, the effec
tive pressure on the reactant solutions would have been 10,000 1lb. per
8q. in, |

Reactor II is sufficiently compact to be conveniently immeraed :Ln
a themoatatic bath, Four reactant ratios were obtainable through the
use of a second eylinder bléck s additional fittings and pistons.
Several additional mixlng.platos were designed that allowed 'l:.-he.mi:d.ng
pattern to be varied., Only the "I type mixing plate that was designed
according to the principles established by Roughton and Chance was |
used, however, since it was only for this arrangement that the
efficiency of mixing could be shown to be adequate,

‘The piston gaskets of Reactor IT did not have to withstand the
préssure of the driving gas. There was therefore no mechanism whershy
spurioual;? high values of ihe transient or final pressure could haﬁ '
been 6bta.ined. Dirficulty was encountered, however, in preventing
leakags of the produot gagses from within the reactor. . This difficulty
was aggravated by the effect of the corroe:l.vo reactants on the neo-
prene pi'atm gaak'etae The dii‘fieuity was overcome when a rather close
fitting aluﬁinm gasket was used in combination with two neoprene
gaskets. The alum:l.mm preventad the bulk of the reactant solution
from contacting the nenpreno gaskets, The neoprene wag further pro-

tected by a coating of an inert fluorocarbon grease. The neoprene
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gaskets rendered the reactor pressure tight, Transieni pressures up
to 50 ata. and steady pressures up to,S‘ atm. were contained within the
reactor without leakage. This is-evidenced by the reproducibility of
the pressure data shown in Teble 25 for the hydrasine, nitric acid
réaction, N ‘
Reactor II was designed to allow the routine measurement of the
rate of injection. The method employed yielded .the relative time
corresponding to- a-number of positions of the piston system with respect

‘to & stationary light beam, Studies were made of the injection of

water from both cylinders of the reactor. It was found that the linear
velocity of the piston descent and hence the injection rate were con-
stant, _dur.i.ng the period of injection. This indicated that the moving
parts of the reactor accelerated rapidly to the equilibrium velocity
and suggested that the velocity of injection was determined entirely
by the resistance to ths fiow of the fluids, Runs made with very tight
fitting gaskets showed essentially the same injection rate as those
made with loose fitting ones. It was thus feasible to use very tight
fitting gaskets and thereby reduce the tendsncy toward leskage. In
Reactor I, it was not fessible to use tight gaskets since this would
have increased the tendency for the small piston to delay.

The observed injection time depended upon (1) the pressure of the
driving gas applied to the pnewmatic injector, (2) the reactant ratio
exployed, (3) the dimensions of the jets and the exit tube of the mixirg
plate, and (i) the stroke length employed. A strcke of seven-eighfhs
inch was found to be most convenient and was used for most of the runs.
The most rapid injection time obtained with Reactor II wes 1.7 msec.
for the injection of water. This run was obtained with a driving
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pressure of 1900 lb. per aq. in. using the ocne to one resctant ratio.
In all, 2.2 cc, of water were injected during th':lsv run, 1.1 cc, from
each cylinder. An injection time of the order of L.3 msec. was observed
for the four to ons reactant ratio; however, 3.6 cc. of water in all
were injectad during these runs.

The injection rate was not constant for the injection of certain
fuel-oxidant mixtures., The first part of the reactants were injected
at & somewhat slower rate than that noted for the injection of water.:
The injection rate then decreased to about one-half to one-third of
its initizl vaiue. The deceleration of the injection was quite sharp, -
i.e., both the initial and final injection rates were reasonably cone
stant., The change in the injection rate was thought dus to the thrust
created by the reaction acting on the injection system. The phenomenan
was studied particularly with reference to the hydrasine, nitric acid
reastion, 7Ths reactants were liquids while.the products of the reac-
tion were primarily gaseous. The conversion of liquids into gases in
& flowing stream corresponds to a tremendous increase of the linear
flow velocity. A change of linear flow velocity in a stream of con-
stant mass flow rate corresponds to a change of momentum which is
accompanied by a force acting in opposition to the momentum change.

The force created by the reaction would be equivalent in effect to a-
large static pressure applied to the outlet of the exit tube. In
oxrder to slow the injection rate perceptibly, this back pressure would
have to be of the same order of magnitude as the driving pressure.

The time from the beginning of injeet’ion to the change of the
injection rate could not be correlated with the measured ignition
delay. The ignition delay. for all ratios of the hydrasine, nitric
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acid reaction was found to be between 0,0 and 0,9 msec. referred to

the start.of the pressure rise. The time to the change of the injectim
rate as shomn in Table 27 was found to range between 1.1 and 3,2 maec.
It is likely that the reaction required this additional time after
ignition to reach a steady stata.in the exit tube. Because of this
slowing of the injection rate, the overall injection time was subsitsdn-
tially longer than the values obtained for the water injection. Values
from 4.3 msec, for the one to one reactant ratio to 9.2 msec. for the
four to one reactant ratio were obtained.

The rate of injection of water was calculated by a fluid mechanical
method and shown to 'agree to within 18% with the cbserved results. The
rate of injection of the nitric acid, hydrazine system was also calcu-
lated. The observed initial injection rate was found to be 25 to 100§
slower than those calculated. It was belisved, however, that the early
reaction of the two reactants may have slowed the initial injection
somewhat, The calculations indicated that a pressmre drop occurring in
the pneumatic injector seriously affected the injection rate, The
pressure acting on the driving piston msy have been as low as 60% of the
pressure actually applied to the pneumatic injector. This situation
could have been corrected by designing an injector with a connecting
duct and valve mechanism having larger inside diameters. The calcula-
tions and the observed results provide the dssigner of a future rapid
injection system with importent design information. The results also
indicate that injection rates substantially faster than those reported
in the present study could be obtained. Thne two most significant
design factors in this connection are the ratio of the area of the
driving piston to the areas of the small pistons and the diameters
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of the ducts through which the driving gas paszes. The areas of the
smaller pistons, however, must be greal encugh to bear the large com-
pressive stress applied to them by the driwving piston.

The empirical equation developed by Chance for the expected flow
rates through "T" type mixers was found to agree woll with those
obtained with Reactor II. The equation, however, does not take into
consideration a number of important factors so that the agreement was
probably fortuitous.

The times required to contact two reactants is not necessarily
equal to the time necessary to mix the reactents. The mixing pattemn
employed in both reactors had the form of a "T". The reactants each
enter one leg of the "T%; the two pass out of the mixer together.
through tiie third leg, referred to as the exit tube. Mixing begins to
occur at the point of contact of the two reactents in the center of the
"T®, "As the solution flows down the exit tube, it becomes more and more
thoroughly mixed. Roughtcn and Millikan" have shown that the point at
which solutions reach the point of 97% mixing in similar "T" type mixers
moved toward the point of first contact as the flow velocity was ine
creased. The Work of Trowse" has been cited to-show that the distance
from the point of first contact to the point of 97% mixing was about
6 mm, for a mixer that was geometrically similar to the.mixing system
used in Reactor II, The linear flow velocity referred to the exit
tube for ths measursments made by Trowse were less. than 1000 cm. per
sec, The lineer flow velocity referred to the exit tube for the resc=-
tions studied in Reactor II was of the. order of 10,000 cm. per #nc,

*Sse Table L.
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Since the exit tube of Reactor II was 8 mm. long, it was likely that 97%
mixing was achieved before the reactant mixture left the exit tube of
the reactor. To further insure the efficiency of mixing in Reactor II,
the reacting stream was made to impinge on a baffle plate located about
25 mm, from the outlet of the exit tube.

The measurements made by Roughton and Millikan and those nade by
Trowse employed aqueous solutions. It is likely that mixtures such as
sodium-potassium alloy and water, or hydrasine and nitric acid would
not mix as readily as aqueous solutions. A direct test of the
efficiency of mixing of such liquids, however, could not be devised in
the present research. The best sxperimental evidence for the mixing
obtained with both reactors lies in the results of the studiez that
were made of the reaction of sodium-potessium alloy with water. The
pressure rise notad for this reaction reached a maximum in a time
equal to that required for injection within the experimental error of
the measurements.:

The principal means of following the reactions: under study in the
reactors was the measurement of the transient pressure. The Statham
Gages employed for the transient pressure measurements were stated to
have a natural frequency of vibration in excess of 2000 cycles per
sscond. The signsl from the strain gages was caused to modulate the
axplitude of a 1000 to 1200 cycle per second carrier wave, In effect
then, a reading of the transient pressure was obtained approximately
every msec, by measuring the amplitude of each wave of the resulting
oscilloscope pattern., The amplitude of the oscilloscope trace was
found to be accurately proportional to the pressure applied to the
diaphragm of the strain gsge by calibration with accurately knowm
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static pressures. More frequent pressure. readings éould have heen
obtuined by using a higher carrier wave frequency., In view of the
stated natural vibration frequency of the gages, however, it is
questioneble whether the gages could have reproduced accurately pres-
sure events occurring in a period of less than a msec. For the
measurement of more rapid pressure variations, gages Involving plezo-
eleciric crystals are indicated. The circuitry associated with such
gages 1s far more complex than that employed in the present study.
Such gages generally do not have a linear response.

The response of a rapid pressure measuring system depends not
only upon the gage employed, but also upon the geometry of the cavity
in which the pressure change is produced and the comnection leading to
the gage. It was desired to record the pressure changes occurring in
the interior of the reactors. The most direct procedure would have
been to place the diaphragm of the strain gage as close as possible to
the interior of the reactor. If this had been done, it was likely that
liquid pellets would have struck the diaphragm during injection and
given rise to random disturbances in the pressure record. Nolse was
observed in the pressure record even when the gage was located some
distance from the reactor. The noise could not be attributed to any
mechanical or electrical defect in the apparatus. It was found that
the noise could be elimingted by placing obstructions in the piping
leading to the strain gage. This observation indicated that the noise
noted in the oscilloscope traces corresponded to actual variations of
the pressure in the.reactor. Similar disturbances of audio frequency
were noted by Iewis and von Elbehl during a study of explosions of
hydrogen and oxygen. They observed the disturbances only for certain
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of the explosive.mixtures under study. They thus concluded that the
rapid pressure varlations were a real manifestation of the reactiom
and were not instrumental in origin.

It was found that much of the noise resulting from reaction in
Reactor II could be eliminated by connecting five 90° pipe elbows
between the reactor and the strain gage without seriously affecting -
the response of the transient pressure recording system. It sppeared
that the noise was a function of the injection and reaction processes
and of the cavity in which they occurred. In order to improve the
recording speed, it would seem to be necessary to analyze the structure
of the shock waves and relate them in some way to the extent of reaction,
This may set an upper limit to the speed with which chemical reactions
ngy be followed by measuring their pressure.

‘A second means of studying the reactions carried out in the reac-
tors was the measurement of the intensity of the light emitted by the
reactions. Three different.photoelectric circuits were used for this
purpose, The amplitude of the traces resulting from either Photo-
circuit I or Photocircuit II were a function of the light intensity.
The amplitude of traces from Photocircuit I wa.s not proportional to
the 1light intensity. Photocireuit I was used only to show the presence
and time of occurrence of the light emitted during the study of the
sodium-potassium alloy reactions. The amplitude of the traces from
Photocircuit II was shown to be proportional to the light intensity
by a calibration procedure. The traces from Photocircuit III show
precisely when the light emission from a reaction begins. They give
no information regarding the intensity of the light or the time at
which the emission ceases.
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Several types of measurements were carried out in order to derive
information regarding the reactions under study. The different types
of measuremsnts were as follows: (1) Simultaneous weasurement of the
transient pressure and the interisity of light emission using either
Photocircuit I or Photocircuit II. A typical pair of traces using
Photocireuit I is shown in Fig. 3L; a typical pair of traces using
Photocircuit II is shown in Fig. 39. Both the transient pressure traces
and the light emission traces had an identical carrier wave frequency.
Since frequencies of the order of 1000 cycles per second were used, the
relative timing between the traces was no better than sbout 0.5 msec,
(2) Simvltanecus measurement of the transient pressure and the onset
of 1light emission using Photocircuit III. A typical pair of traces are
shomn in Fig. hli. The photoelectric trace in this case is a single
line trace. The break in the trace indicating the onset of light
emission could be refsrred to the pressure trace so that an accuracy
in the relative timing of the order of 0.2 msec, could be obtained.

(3) Simultansous measurement of transient pressure and injection rate
nsing Photocircuit III. A typical pair of traces are shown in Fig. k2.
The relative timing between the traces is probably accurate to 0.2 msec.
since again the photoelectric trace was a single line,

The absolute standard of time was the frequency of the 60 cycle
A C line. The line frequency was shown by McKinney to bé very accurate.
The pulse generator was synchroniszed with the A C line, so that the
blanking pulses on the traces occurred at precisely known intervals.

In practice, it was convenient to preset the carrier wave frequency to
either 1080 cycles or 1200 cyc¢lea by comparing the carrier wave signal
to the 60 cycle signal from the line, This was accomplished by
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observing the Lissajous patterns on the oscilloscope. The 1080 cycle
frequency shows 18 cycles for every cycle of the line voltage while

the 1200 cycle frequency shows 20 cycles. The setting could be checked
on the resulting trace by counting the number of cycles of the carrier
wave between each blanking pulse.

The data for the ignition delay of the fuel-oxidant systems that
were studied are summariszed in Table 39 and Table 4O. The ignition
delay referred to the pressure rise is given in Table 39. The data
shown in the table were obtained from simultaneous measuremenis of the
injection rate and the transient pressure. The observed time from the
beginning of injection to the beginning of the pressure rise was core
rected for the time (1.3 msec.) required.for the first pressure pulse
to travel to.the diaphragm of the strain gage. For eéach system, at
least one simultaneous measurement of the transient pressure and light
enmlssion was made to verify the fact that the onset of light emission
and the beginning of the pressure rise occurred .simultanecusly within
the experimentel srxror of the measurement. The total range of the
obgerved values for the ignition delay are given in the fourth column
of Table 39, Only the reaction of 1.15 moles of hydrogen peroxide with
one mole of hydraszine did not show a delay reproducible to within one
meec. The accuracy of the measurements was probably no better than
one msec,

The. data obtained for the ignition delay in the reaction of equal
volumes of nitric acid with hydrazine, liquid ammonia mixtures are
shom in Table 0. The ignition delsy referred to light emission is
given, since no injection rate measurements could be made when the

reactor was located in the low temperature bath. The observed time
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from the beginning of the time base (the closing of the centacts in
the pneunatic injector) to the onset of light emission was corrected
fo.r the average time (1.2 msec.) betwwen the beginning of the time base
and the begimning of injection. It will be recalled that this time
varied between 1.0 and 1.5 msec. for injection rate measurements of
other systems. The mixture containing 2.7% hydraszine ignited only in

one run,: In twe others; no ignition was observed,

Table 39. Results of Ignition Delsy Studies of Fuel-Oxidant

Systems
Ignition delay,
Reactant ratio, referred to the
Fuel Oxidant . moles oxidant pressure rise,
per mole fuel in msec.
NoH), HNO4 0.352 to 2,87 0.0 - 0.9
C HSNH HNO §.18 1.2 - 2.3
6 2 3 ™
Nzﬂh H202 1.15 0.1 - 2.2
KH - Hy0, . 2,46 1.3 - 1.7

* - .
Ignition delay not »eproducible.

The longest ignition delsy that was observed for any of the reac-
tions studied in the present research was 2.9 msec. These values are
much lower than those observed for similar systems by other investi-
gators. The most striking exsmple is found for the system aniline vs.

nitric acid. (hmnz3

observed & delay of 410 msec. for this system in
the refined open-cué apparatus, A delay of 1.2 to 2.3 msec, was found
for this system in the present study. The Kellogg Co.>> found a delsy
of S nisec, for the reaction of 96% hydrasine with 96% nitrdic acid in

the small rocket motor. A delay of 0.0 to 0.9 msec, was observed for
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the reaction of the anhydrous reactants in the present study. The
Kellogg Co. also found delays ranging up to 37 msec. for the reaction
of red fuming nitric acid with a mixture of ammonia and hydrasine

containing 5.0 hydrasine. They cbserved a long delay in the reaction'

of white fuming nitric acid with a mixture of ammonia and hydrasine
containing 2,2% hydrasine. The results cbtained in the present study
for the reaction of mitric acid with ammonia, hydrasinse mixbures
showed an ignition delay of 2.9 msec, for a mixture containing only
2.7% hydragzine, The 2.7% mixture, however, did not ignite at all in
two cases.

Table 4O. Results of the Ignition Delay Studies of the

Reaction of Equal Volumes of Nitric Acid with
Hydrazine, Iiquid Amuonia Mixtures

Fuel mixture, Ignition delay
weight per cent Temperature referred to light
hydrazine range, in °C emission, in msec,
100 22 to 30 1.0
9.0 =33 to =35 1.0 - 1.4
207 "38 to "hl . 2.9*

*Result of .one run, no ignition occurred in two other runs.

The short delays observed for the fuel-.oxidant reactions studied
in Reactor II are probably a result of two factors: (1) the mixing
process did not cause a significant delay, and (2.) the turbulent
nature of the mixing process added impact energy to the explosive
mixture. HNo previocus investigation has been made of the phenomena
of the self-ignition of fuel-oxidant systems under conditions whsre
the efficiency and time of mixing has been ‘so clearly demonstrated.
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It is act likely, however, thst the very repid ignitions can be attrib-
uted to the improved mizting alone.

An unignited mixture of a fuel and oxidant such as bydrazine and
nitric acid can be likened to a liquid explosive such as nitroglycerine.
Nitroglycerine can be ignited by impact alone., Bowden, et al. have
studied the ignition of nitroglycerine by ‘impaet.hz They found that
thin sheets of the material on an anvil would not ignite even under
the influence of a rather strong hammer tlow unless gas bubbles were
present in the liquid. The authors concluded that the high tempers-
tures produced by the adiabatic compression of the bubbles were
responsible for the ignition. It was possible to estimate crudely the
xiniwun ignition energy required to ignité the material by estimating

L1 A value of 10"8

the size of the bubbles and the compression ratio,
calories was obtained. This valus is of the order of magnitude of the
minimum ignition energy of gaseous mixtures found by more precise
methods :thol'vin; spark ignition.hl It is thus reascnable to suppose
that the impact and turbulence associabed with the mixing process in
Reactor IT could have resulted in immediste or nearly immediate
ignition.

This conclusion also resulis from the failure to observe a
systematic increass of the ignition delay as the hydrazine concen- A
tration was decreased in the hydrazine, ammonia mixtures. The ignition
delay increased to only 2.9 msec, for the mixture containing 2.7%
hydrazine. The runs made of this mixture that failed to ignite indi-
cated that the impuct energy was just insufficient to ignite this
mixture. Instead of observing a longer and longer delay as the

hydrazine concentration or the temperature was decreased, a point was
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reached where the mixture simply failed to ignite. Such behavior is
more indicative of ignition by mechanical shock than it is of thermaliy
initiated ignition showing an induction period due to the rate of a
chemical reaction.

A study of the ignition delay of gaseous mixtures .of }vdro-
carbons and oxygen was made by Jost and 'J.‘o.’:.clnnann’"3 by a rapid com=
pression method. They obtained a straight line when the logarithm of
the ignition delay was plotted against the reciprocal of the reaction
temperature. The plot was linear from delay values of a few msec. to
over five seconds, The fact that the data could be represented by an
Arrhenius equation indicates that the delay determining factor was due
%o the rate of a chemical reaction. The experimental results obtained
in the present study show, nevertheless, that fuel-oxidant systems
previously thought to have long ignition delays will ignite in a very
short tims under violent mixing conditi;)ns.

"The results reported Uy l(cKinney for the reaction of sodiume
potasaium alloy with water in Reactor I were explained as a result of
the studies made during the present research, It was found that the
reaction produced hydrogen at a rate equal to the injection rate of
the reactor. The first large pressure maximum was a result of local
heating due to a delay in descent of the small piston. The second
large maximum was the result of an explosion between the hydrogen
produced by the reaction and the oxygen present initiaily in the
reactor atmosphere., The explosion was delayed about 80 msec. with
respect to the beginning of injection. The delsy was decreased to
about 40 msec, when the oxygen content of the reactor atmosphere was

decrsased to 5 or 10%. The explosion was prevented entirely when the
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oxygen content of the atmosphere was reduced %o 5 or 10% and when a
mmall smount of ascetaldehyde was added to the water. The acetaldshyde
presumsbly removed the dissclved oxygen from the water.

The reaction of sodium-potassinm alloy with an excess of 10 M KOH
solution ‘also produced hydrogen just as rapidly as the solutions could
be mixed. The ignition delay of the hydrogen, oxygen resction with
normal air in the reactor was found to be i msec. When the oxygen
content of the reactor atmosphere was reduced to 5 or 10§, the delay
decreased to 22 msec. '

The long delgys obtained in Reactor I for the ignition cof the
hydrogen, oxygen mixture indicated that the reaction was initiated by
chain carriers produced in the reaction of the alloy with wster, The

very low pressure overswing noted for the production of hydrogen in

some of the runs showh in Table 20 indicated that the temperature did -

not riso high enough to cause thermal ignition of the hydrogen, oxygen
reaction. It is also mnlikely that the turbulence of the mixing ‘pro-
cess was responsible for the ignition since it is well known that
flame will result when sodium is brought into contact with water under
less violent conditions. The long delay also indicates that this
mschanism was not responsible for the ignition., The actual chain
carriers liberated by the initial reaction camnct be stated with
certainty. A possibie initiating reaction is expressed in Eq. 25:

(25) ¥ + HO —> MOH + R

The hydrogen, oxygen reaction has beel; initiated at room temperature
by introducing hydrogen atoms from a discharge tube.m‘ The signifi-
cance of the ignition.delay is uncertain because of the uncertainty
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associated with the process wherevby the hydrogen produced by the alloy
reaction mixed with the oxygen already in the reactor.

The data obtained for the alloy, water reaction in Reactor II
indicates that there was no ignition delay for the hydrogen, oxygen
explosion. The heat produced by the reaction of more nearly equal
quantities of reactants may have been sufficient to cause thermal
ignition of the hydrogen, oxygen reaction. The reaction of the alloy
with ethanol in Reactor II slso gave rise to a powerful explosicn.

The ignition was delayed between 1.8 and 5.5 msec. It is likely that
the explosion was initiated by chain carriers produced in the reaction
of the allcy with ethanol. It is possible, however, that temperatures
were produced that were high enough to cause thermel ignition. .The
8lloy, ethanol rsaction carried out in the absence of oxygen showed a
slow, pressure increasing reaction that was not completed for about

an hour. The alloy was in excess so that the slow, pressure increasing
reaction. probably involved a further attack of the alloy upon the
alkali ethoxide.

The analysis of the products of the reaction of hydrazine with
nitric acid provides scme information regarding the reactions involved.
The reaction is highly exothermic., The adiabatic flame temperature
for two reactant ratios are calculated in Appendix IV. The calcula-
tions are based upon the assumption that the reaction occurs adisbate
ically, i.e., all of the heat of reaction is used to heat up the
ﬁroducta of the reavtion. The calculation gives the equilibrium
composition of the products at the calculated flame temperature as
well as the equilibrium pressure that wogid be attained in Reactor II,
The calculated results for the reaction of one and one~half volumea

196



e ey e oy g Ty

e -

197

of nitric acid with one volume of hydrazine (26.0 millimoles m!o3- and
23,2 millimoles N,ZHh) are given in Table L1,

The one and one~half to one volume ratio is close to the stoichio-
metric ratio expressed in Eq., 21. The average maximum pressure cdserved
in the reactor for this reactant ratio was 31.7 atm. This is to be
compared to the calculated equilibrium value of 86.4 atm. The discrep-
ancy indicates that two factors are operative that prevent the reaction
from reaching an equilibrium condition: (1) the reaction is quenched
through contact with metal parts of the reactor which were originally
at room temperature, and (2) the products of the reaction of the material
first injected into the reactor lose a large amount of heat to the
reactor parts before the injection is completed. The observed products

of the reaction for the one and one-half to one ratio are given in

Teble 41. Equilibrium Composition of the Products of the
Reaction of 26,0 millimoles HNOB amd 23,2
millimoles N2Hh in a Volume of “339 cc.%

' Partial pressure

Component in reactor, Nillimoles Adiabatic flame
in atm. temperature

N 32.93 15.81 2977%
Hgo 4o.84 56.81
03 7.50 10.k3
OH 2.28 3.17
NO 1.8L4 2.56
3.2 0061.» 0.89
0 0.30 Ouls2
H 0,11 0.15

- Ho, 0,01 0.01

Total 86.lsly

*one atmosphere of air was included in the calculation.



————e e

i R g N

U VP 1

Table 31l. The total quantity of the oxides of nitrogen remaining in
the reactor including the residual nitric acid involved 7.6 milliatoms
of N. The maximum quantity of MO to be expected from the thermo-
dynemic calculation involved only 2.6 milliatoms N. It is thermo-
dynamically impossible for any more NO or other nitrogen oxide to
have been formed during the cooling process,; since they become less
stable with respect to the elements a8 the temperature is decreased,
It was thus concluded that the reaction itself was quenched before
equilibrium could be reached.

One can make a fairly accurate prediction of the expected final -
composition of the products at room temperature assuming that the
equilibrium composition was obtained at the high temperature. The NO
existing at the high temperature would be converted to 802 as the
mixture cooled. The NO2 would then react with same of the O, and H,0
to form HNO3 according to Eq. 22. The radicals would, however, reconm-
bine to form Ny, Oy, Hy and Hy0. The hydrogen would very likely be
converted to water in the presence of the excess oxygen. This would
still leave some free 02 in the mixture, however, none was observed.
Even a trace of oxygen would have been found by the mass spectrometer
analysis., It appears thgt the quantity of NO and N02 formed in the
reaction was sufficient to tie up all of the oxygen. The quantity of

¥, found in the reacticn mixture was high enough so that it was
unlikely that the N, came entirely from the hydrazine. The large

2
quantity of nitrogen oxides found indicates that the nitric acid was

not converted directly into nitrogen but that nitrogeén oxides were
formed as intermediates.. The nitrogen oxides were then thermally

decamposed into the elements at a slowsr rate.
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The. analysis of the products of the reaction in excess hydrazine .
(shown: in Table 33) showed the presence of substantial quantities of
ammonia. The amount of H2 found was high enovgh so that the nitrogen
originally contained in the hydrszine and that originally in the nitric
acid must have contributed to the nitrogen f@d as N,. The ammonia
probably resulted from the tharmal decomposition of the excess hydra-
zine preseni, in the reaction mixture. lhzrray and Kaa.ll]’8 found that
the stoichiometry of hydraszine decomposition flames could be expressed

by Eq. 262
(26) 2 NZHh — N2 + 82 + 2 NHB

The fact that so much ammonia was found in the reaction products in the
hydragine excess case and that none was found in the acid excess runs
indicates that ammonia is not an intermediate in the oxidation of
hydrazine by nitric acid. The low rate of “he homogeneous decomposi-
tion of ammonia has been pointed out :ln a previoug chapter. It was showmn
that ammonia often persisted in high temperature reactions evea though
ammonia is unstable with respect to the. elements at temperatures of.the
order of 1500°K or higher. Slight traces of KO and N,0 were also found
in the reaction mixture for the hydrazine excess reaction agsin indi-
cating that oxides of nitrogen are intermediates in.the reduction of
the acid. .

The hydrogen found in the reaction of equal volumes of the reac-
tants (Table 32) and in the reaction of two volimes of hydrazine with
one volume of acid probably resulted from the thermal decomposition
of the excess hydrazine and from the decomposition of some of the

ammonia also formed by the decomposition of the excess hydrazine,
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The adiabatic flame temperature for the reaction of four volumes
of nitric acid with one volume of hydrazine was calculated since this
ratio would have the lowest adiabatic flame temperature of any of the
reactant ratios studied. The results are shown in Table 42,

Table 42, Equilibrium Composition of the Products of the
Reaction of 23.2 millimoles Hydrazine with 66.7
millimoles of Nitric Acid in a Volume of 339 cc.

Partial pressure
Component in reactor, Millimoles Adisbatic flame

in atm. temperature
N, 30.13 66.98 1859°K
H0 35.85 79.71
05 28.12 62.52
NO 0.38 0.84
OH 0.05 0.11
N, 0,02 0.0k
Total _ 94.55

The average value of the maximum pressure observed for this ratio

was 23.4 atm. Again it is apparent that the reaction did not reach
equilibrium. The quantity of nitrogen oxides that could be obtained
by cooling a mixture of the composition shown in Table L2 would be
very small., Very large. gquantities of N02 were found in the analysis
of the products shown in Table 30. The quantity of nitrogen found as
N, was somewhat less than the amount contained in the original hydra-
zine. It is likely that the n:'itrogen came entirely from the hydrazine.
The nitrogen originating in the acid formed mitrogen oxides. The lower

reaction temperatuxe’ and the rapid quenching of the reaction was such

that very little of the oxides were decomposed into the elements.:
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Mach of the vuoz probably resulted from the thermal decomposition of

. the excess nitric acid into water, oxygen and nitrogen dioxide.

- If the entire quantity of reactants could have been contacted in
such a way as to aveid energy transfer to the reactor parts, the calcu-
lated compositions would have been obtained. The reactions studied in
the reactor were clearly stopped short of completion. The long duratim
of light emission cbserved for many of the resctant ratios indicates
that reaction was not stopped the moment that the mixture contacted the
resctor walls, The very low maximum pressure, howsver, shows that a
large fraction of the energy must have been removed from the mixture
during the first few msec. of reaction. The compounds such as ammonia
and the nitrogen oxides that were found in the products were thus
stabilized by energy loss to the reactor,

The effect of a non-reproducible ignition delay upon the maximum
pressure is shown in Table 35 for the reaction of equal volumes of
lwdiogen peroxide and hydrazine. It was shown that in one run ignition
did not occur until after injection was completed. The maximum pres-
sure was much higher than that observed for the runs in which a shorter
delay occurred. This observation shows that less energy was lost to
the reactor when the reaction rate was not limited by the injection

process,
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CHAPTER VII
CONCLUSIONS

i. A constant volume reactor, Reactor II, was designed to rapidly

contact and mix two liquid reactants in a volume ratio ranging from
b :1toirl. The reactor employed a mixing pattern designed accord-
ing to the principles set forth by Roughton and Chance,

2., The reactor was easily adapted %o a change of f.he nixing
pattern and could be immersed in a thermostatic bath. Satisfactory
operation was obtained at temperatures as low as -40°%.

3. A photoelectric method was devised to follow the courss of
the injection. The injection of 2.2 cc. of water was achieved in
1.7 msec. A scmewhat longer time was required for the injection of
reacting fuel-oxidant systems because of the thrust created by the
reaction process.

Lhe A fluid mechanical calculation of the injection rate was
shomn to agree with the observed rate of water injection. The calcu-
lation and the cbserved results provide information for the designer
of a future rapid injection system and indicate that still more rapid
rates can be obtained.

5. Reactions were studied in the reactor by following the
transient pr;ssure and the light emission. The transient pressure
neasuring system of McKinney was found to be very suitable, Several
original photoeleciric circuils were devised to follow the light
emission.

6. Periodic vibrations of the transient pressure were found to
occur during the early stages of the reactions under study. I{ was

necessary to attenuate these vibrations in order to secure
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interpretable records of the transient pressure. It was suggested
that this phenomenon might set an uprer limit to the speed with which
chemical reactions may be followsd by measuring their pressure,

‘7. The rate of mixing in the apparatus was shown to be vefy
rapid by reference to measurements made by other investigators who
emplcyed geometrically similar mixing patterns. The hydrogen evolu-
tion in the reaction of sodium-potassium alloy with water was shomn
to be campleted simultaneously with the ccmpletion of injeetion, indi-
cating that the mixing was also completed during the injection paeriod.

8., The two pressure maxima reported by McKimmey for the reaction
of sodium-potassium alloy with excess water were explained. It was
shown that the first maximum was a result of local heating due to the
uneven descent of the two pistons (Reactor I). The second maximum was
found to be a delayed explosion of the hydrogen produced by the reac-
tion with the oxygen present originally in the reactor atmosphere.

The explosion was delayed up to 86 msec. It was likely that the
explosion was initiated by chain carriers produced in the alloy, water
reaction.

9. The reaction. of equal quantities of sodium-potassium zlloy
and water was found to be completed in a time equal to the mixing time
cf Reactor II. Ignition was found to occur between the hydrogen pro-
duced by the reaction -and the oxygen present in the reactor atmosphere
without a measurable delay.

10.. The reaction of equal quantities of sodium-potassiun alloy
with ethanol was slso found to initiate the hydrogen, oxygen reaction,
An ignition delay of up to 5 msec, was observed.

11, The ignition delay for certain reactant ratios of several
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fusl-oxidant systems were measured and found to be less than 3 msec,
in every case., The systems includeds 3
A+ FHydrazine vs, nitric acid :
B. Aniline vs; nitric acid
C. Hydrazine vsa. hydrogen peroxide
D. Hydrazine, liquid ammonia mixtures vs. nitric acid
The delays were significantly lower than those observed hy the other
investigators who employed mixing methods where the efficiency of mixe
ing was most uncertain,

12. The very short ignition delays were attributed to (1) the
rapid rate of mixing in the apparatus and (2) the impact and turbulence
associated with the mixing process.

13. There was a negligible effect of the reaction temperature or
of the hydrazine concentration on the ignition delay of the reaction
of nitric acid with liquid ammonia, hydrasine mixtures. This result
was more indicative of ignition by impact than it was of ignition
controlled by the rate of a homogeneous chemical resction.

1li. The adisbatic flame temperature and the equilibrium composi-
tion of the products of the reaction of hydragzine with nitric acid
were calculated. The adiabatic flame temperature for an acid rich !
mixture was calculated to be 1859%; the tempersiure for a near
stoichiometric mixture was found to be 2977°K.

15.- An analysis wa= made of the products of the resction of
four different ratios of the hydrasine, nitric acid reaction. The
products and the observed explosion pressures indicated that the
reaction was quenched by energy loss to the metgl parts of the ieactor
before equilibrium was reached. The products of the reaction indicated
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that the nitric acid was first reduced to intermediate nitrogen oxlides.
The oxidation of the hydrasine did not appear to prosceed through
ammonis as an intermediate, although some ammonia was formed in the
hydrasine rich mixtures presumably as a result of the thermal decom-
position of the excess hydrasine.
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APFENDIX I :
FLUID DYNAMIC ANALYSIS OF REACTOR II

The following is an attempt to predict the injection rates obtaine
able with Reactor II, The formulae to be used are empirical relations
fownd in standard engineering trestises.’*35 e flutd mechanical
system is shown schematically in Fig, 1. One of the fluids to be mixed
is originally contained in the cylinder below the large piston and the
other in the cylinder below the small piston. Each fluid flows from
the cylinder through a lead tube into a jet and finally into the exdt
tube where mixing occurs, The mixed solutioﬁ then flows into the
interior of the reactor.

It must be assumed that the flow is steady, i.e., the equilibrium
flow nlociti is attained almost instantanecusly and remains constant
throughout injection. The flow in all ducts must be turbulent, i.e.,
the Reynolds number is greater than 2100. The frictional losses at
each point in the flowing flvid will be eéstimated separately. The
following is a list of symbols to be used in conjunction with Fig. 1.
All pressure terms are in 1lb. per sq. in., all area terms are in sq.
cm., all density terms are in gm, per cc., and all linear flow
velocity terms are in cm. per sec.:

P = pressure of driving gas
P, = pressure of fluid in large cylinder

P' = pressure of fluid in small cylinder
Ph = pressure of fluid in the exit tube

= grea of driving ges cylinder
A; = area of large reactant cylinder

A{ = grea of small reactant cylinder
A, = area of lead tubes

13 = area of jets
Ah = arep of exit tube

206
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Fig. 1. Schematic Diagram of Fluid Mechanical System

of Reactor II.
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A{: = ares of exit tube occupied by fluid originally contained
¢ in the large cylinder

Aﬁ = area of exit tube occupied by fluid originally contained
in the small cylinder

P = density of fluid originally contained in large cylinder

' = density of fluid originally contained in small cylinder

) = linear flow velocity of fluid in either cylinder

u, = linear flow velocity of fluid in lead tube

u; = linear flow velocity of fluid in Jet

uh = linear flow velocity of the mixed solution in the exit tube

The force applied to the driving pisten by the driving gas is the
product of the pressure of the driving gas times the area of the driving
piston. This force is transmitted to the two smaller pistons. If Fl is
the force transmitted to the larger of the two pistons and F{ the force

transmmitted to the smaller one, then the total force is
(1) PAy = B + B}

|
Ifwe lot T F/(F) + r;), the pressure of the fluid in the cylinders
is

(2) P) wFyfA) = (1 - r)(ap/ay) P
(3) P = F)/Ay = T (Ap/A}) P

The flow of the fluids originally contained in each cylinder will be
treated separately. It will be assumed that each fluid occupies a
separate portion of the exit tube in such a way that the linsar flow
velocity of the fluids are equal and equal to that of the mixed solu-
tion, If A\ is the actusl area of the exit tube and A} is that
portion of it occupied by the filuid originally comtained in the large
oylinder, then

0 o
%) A = A
()
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and similarly for A{:' the area occupied by the fluld originally con-

tained in the small cylinder
'

t

(5) A = A m

Let us first treat the flow of the fluid from the large cylinder.
This fluid ims uz_zder a pregsure given by Eq. 2 and is contained in a
duct having an area A;. It is flowing i‘b a linear wvelocity W which
is necessarily equal to the rate of descent of the pilatcn system. It
has a density p. Eventually the fluid reaches the e:clf tube., Here
it is under a lower pressure Ph’ it has a linear wvelocity uh and it is
contained in an area given by Eq. 4. Its density will be assumed to
be the same as it .was originally. The mechanical energy balance be-
tween these two flow cross-sections 1s

2 grp 2 GP
O .24 b,

where G = 68,947 dynes per sq. cm. / 1b. per sq. in.

ZF = sum of losses of mechanical energy due to turbulent
friction in dyne cm./gm.

Relations between the various linear flow rates result from the fact
that the mass rate of flow is the same in all channels. The mass rate
of flow is

(D ¥ = hp = wpp = uhp - uhAzp

lhncouhcanbeolj.ninatedfromEq.éuamg w = ulnl/Aﬁ.

Rearranging Eq. 6
2
P H
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: 2
where H = ( f-l- -1
)
!

As the fluid flows from the cylinder into the lead tube, the
flow cross=saction is suddenly reduced. There is thus a frictional
loss of energy. The energy loss occasioned by a sudden reduction of .
cross-gection is given with good accuracy by

2

(9 FH, = .u-g- 0.50 - 0.40 ;:f for :1—2 < 0.715
Rimtaating v, = w & /4

(10) Fo = %—2- B

where B = ;1-2- ‘ [0.50-03140 %

The flow from the lesd tube into the jet involves a 90° bend and
a further reduction of the flow cross-section. This will be treated
by calculating the losses expected for a sharp 90° bend in a duct of
constant cross-section and by considering a serarate reduction loss.
The loss due to sudden reduction of cross-section is given by
2

A A
' . 2 Ay
(@) 4= == 050 0o Ii- for 32 < 0.118

Eliminating u; = w Ay /4y

2
(12) F‘?,3 == C
, A \2 Ay
mm c L J — 0.50 - 0.!&0 I"

3 2
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The losses dus to the 90° bend will be treated later.

The flow from the jets into the exit tube is again accompanied
by & sharp 90° bend and either a reduction or an snlargement of the
flow cross-section. The loss of energy due to the sudden change of
cross-section after eliminating uy and v, using Eq. 7 is

2
a3 - Fyy 5 I
am\e [ A° A°
where 3 (2 0.50 - 0.0 [ -4 L & o.718
b oL Bl M
A \2 § Aj A
J = 1? 0.75 {1 - A—B- 0.715 &£ Y. < 1.00
T\, L \e o
Jd = ;1-) l- '% 1.00 < '—h'
3 Ap A

The losses occurring at bends in a pipe line are usually calcu~
lated on the assumption that an effective straight length of pipe
can be substituted for the bend. The losses due to turbulent friction
in a straight length of pipe can be calculated with good accuracy by

2
(1) Pah 3 £k

where £ is the Fanning friction factor
L is the totul effective length of straight pipe
D is the diameter of the pipe
The friction factor f is a function only of the Reynclds number, It

can be expressed as

(15) £ = 0.,00140 + 0.125 na'°‘32

For the present case it is necessary to estimate an effective length

21
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to allow for the two 90° bends and to evaluate the Reynolds number.
The Reynolds number is given by the dimensionless ratio

- Dup
(16) ) Re __p

where ) iz the viscosity of the fluid.

Since the friction factor is affected only slightly by small
changes in Re, it will be assumed that flow conditions in the jet
represent the conditicas in any flcw section. This is reasonable since
the principal losses occur in the 90° bends and the bends adjoin either
end of the jet. The viscosities of the liquids to be considergd, i.e.,
water, nitric acid and hydrasine, are very close to one centipoise at
room temperature. This value will then be used for all calculations
involving these materials. The density of nitric acid is higher than
that of either water or hydrazine so that the proper values will be
used,

A generally acceptod value for the effective length equivalent
to a sharp 90° bend is 75 diametérs. The turbulent losses occurring
in the actual straight sections will be estimated to be equivalent to
elght diameters. Since there are two bends equivalent to a total of
150 diameters and straight sections equivalent to sbout 8 diameters,
Eq. 14 becomes, eliminating Uy by means of Eq. 7:

N

an F -E%'-fE

0.32
where f = 0.,00140 «+ 0.125(5—#——)
3 93P

212



e e

213

All of the losses can be substituted into Eq. 8
2

(18) Pl-rh-%-u%-(nw»,c“nzr)

A simllar expression for the flow of the fluld originally contained in

the small cylinder can be derived

' 2
19 B - P, = d 2u16

(H' 4+ Bt 4+ Ct 4+ JV 4 EtfY)

v, for both fluids is the same and is equal to the rate of descent of
the piston systen. Ph is the same in both cases since both ﬂuids.pass
through the same exit tube. P, and P) in Bq. 18 and Eq, 19 canbe
expressed in temms of the driving pressure P with the help of Eq. 2 and
Eq. 3« r can then be eliminated between the two resulting egquations
and the final result is obtained:

(20) - PP-21—2- P ! (H+B+C+J+EFf)
m-h zg.m +B+C+Jd +

+ P'(A—l—g-lr{:) (Ht + B! & Ct + J¢ + E'f'):l

It should be noted that the coefficient of P in Eq., 20 is the ex~
tent of the hydraulic advantage gained in having a single large piston
drive smaller ones, i.e., it would require a pressure equal to or
greater than [ A /(& + A})] P in the intertor of the resctor before
injection could be stopped.’ P, is the p&psaure in the exit tube; it
mst also be the pressure in the interior of the reactor since the exit
tube discharges into this relatively large air space. In many of the
cages to be considered this back pressure is negligible in comparison

e i —— -
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with the first term in Eq. 20, The term on the left hand side of Eg.
20 is essentially the total pressure drop. The rate of descent of
the piston system "1 would be propecrtional to the square rcot of ths
pressure drop except for the slight dependence of f and ff on U

qu a given set of conditions, the injection rate may be calcu-
lated as follows: The terms involving only the reactor dimensions
(Ays Ay, Ay, B, HY, B, BY, G, CY, J, 3%,  and Et) are calculsted and
substituted in Eq. 20. The value of tﬁeae terms- depends only upon the
reactant ratio under consideration, The densities of the fluids are
then substituted into Eq. 20, A wmeries of reasonsble flow velocities
u; are assumod. From thea@:, the viscosities of the fluids and the
densities of the fluids, the fraction factors £ and f£! are evaluated
by means of Eq. 17. Using the assumed LY value and the correspoﬁdiné
friction factors, the right hand side of Eq., 20 is evaluated, Neglect-
ing P,, the value of P is then calculated as a function of the injectim
rate . The injection rate. is conveniently expressed as the time
required for the piston system to descend seven-eighths inch, the
stroke used for most of the runs. The injection time t, in msec.,
is related to the injecticn rate according to Eq. 21: |

2222

(21) t uy

Calculations were made for the injection of water from both i
cylinders for the one td one ratio and the four to one ratio. Calcula-
tions were also'made for the "miﬁng of hydrasine and nitric acid for |
all reactant ratios except —thq four to one ratio with hydrazine in ’
excess. The important dimensions of the injection éystem are given
in Tubles 1 and 2. ‘ S |
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Table 1. Dimensions of Reactant Cylinders, Reactor IT

: Diametor Dismeter Al Al'
Nominal of large of small Area of Area of
volume cylinder, oylinder, large small

ratio in inches in inches cylinder, ¢ylinder,
in sq. cm. in sq. cm,

0.502 0.257 1.277 0.335

L 1

2 31 0.376 0,257 0.716 0.335
105 H 1 0.31’-‘- 0'&2‘;7 0.,498 00335
1 1 0.314 0.31k 0.498 0.L498

Table 2. Dimensions of Injection System, Reactor II

Ttem Diamater, Area, in Symbol

- . in inches 8Q. Cm. for area
Driving cylinder 1.000 5.067 Ay
Jets 0.098 0.049 As
Exit tube 0.152 0.117 K

The results of the calcula‘b;.on of the driving pressure requir.ed
to obtain the azeumsd injection rates for the waiaer injection are
shomn in Table 3. The results for the hydrazine, nitric acid injection
are given in Table lj. Any desired pressure, injection rate value may
be cbtained by graphical interpolation from a plot of the results given
in Tables 3 and k.



216

Table 3. .Calculated Values of the Injsction Time for the
Water Injection

Reactant Injection time, Driving pressure,
ratio in msec. in 1b, per sq. in.

2310
1230
8g5
630

186
387
316

2840
2170
1720
1390

u\..utpio :\JNN !\H—'l—-‘l—'
L ] T3
DEOON . VW O~NEO
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Table L. Calculated Valuss of the Injection Time for the
Witric Acid, Hydrasine Injection

Regstant Roactun.t' Injection time , ' Driving pressure,

ratio in excess in msec, in 1lb, per sq. in.
b 1 HNO, 3. 2380
h.0 17180
5.0 1189
6.0 822
7.0 617
| 2 :1 HNO, 1.5 2270
: 2.6 809
N 4.0 363
| 1.8 : 1 N0, 1.0 1970
2.0 536
( 3.0 251
1 :1 - 1.0 2800
3.0 357
1.5 1 1 N 1.0 1680
2 2.0 159
| 3.0 216
| 2 11 W, 1.8 1780
2.6 636

k.0 285
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APPENDIX II
FLUID DYNAMIC ANALYSIS OF GAS FLOW IN THE PNEUMATIC INJECTOR

The following analysis is an attempt to determine the pressure
drop dus to mitrogen flow in the pneumatic injector during injection.
The gas flow will be assumed to be steady and-isothermal. A schematic
diagram of the fluid mechanical system is shcwn in Fig. 1. During
injection the flow approximates a steady Joule-Thompson expansion from
a constant pressure P3 to 2 lower constant pressure Pl’ The gas will
be assumed to be ideal. _

It is shown in a papsr by Beale and Docksey37 that the Bernoulli
equation for the flow from P3 to P2 nsy be expanded to include the
turbulent energy loss occasioned by the sudden reduction in cross-

section as the gas expands from P, to Ph' Their result is expressed

3
in Bq. 1:
P P 2P P,V
L,omp.3.1 -2 2 2 2
(1) p3-p2.[_ur5.¢mp+2,(1+l, P+P) 55
- 2 3 3772

is the Fanning friction factor
is the total length of duct
is the diameter of the duct
{» > is the density of gas at the pressure P,, In gm. per cc.
vy 1is the linear flow velocity at the poin where the
: pressure is Pz,' in cm, per sec. '
¢ is 68,9“7 m” per 8Q. cmo/lbo per &q. in,

where f,i are pressure terms in lb, per sq. in.
L
D

The density P2 is related to the original density of gas in the

storage reservoir according to Eq. 22

Fy
(2) pz = P3 ?;

We can define a quantity r as follows:

218
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Fig. 1. Schematic Diagram of Fluid Mechanical System of
ihe fneumatic Injector.
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(3) r = ==

Substituting Eq. 2 and Eq. 3 into Eq. 1 and rearranging, Eq. L is
obtained:

LR L 1.1 r2 2
(L) 752'@1'3+21n;+-5(14»1‘)]:2“2

The: left hand side of Eq. L can be simplified through the perfect gas
laws

GP3 g
(5) —3— - =5

vhere R = 83,15 x 106 dynes cm.'a, cC., nolc"l, og~1
T = 300°K
M = 28.02 gm. per mole

Sub”itntm qu 5 into qu hp m\e 6 is Obtainfb\.‘!

l}ofc\ge36 points out that for high velocity flow of gases, f is
substantially constent st 0.00L0. There sve two 90° bends in tha duet
connecting the gas storage reservoir and the driving cylinder. Each
bond caures a frictional loss of mechanical energy equivalent to about
75 diametors of streight duct. The total length to diameter ratio is
then sbouc 150, This treatment neglects the energy losses dus to flow
through the actual straight lengths of duct and the losses created by
certain irregularly shaped compoments located in the valve of the
injector so that the result should be conservative. Substituting these

constants into Eq. 6, we obtain Eq. 7:

RT 1 ,, , 1
(7) T—'d’. [ﬂ.el&O-&t_ ;45(14-!')—}—-—;2

“2
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Eq. 7 can be solved for u, 38 a function of r.

The effective pressure on the driving piston Pl is, however, not
involved in Eq, 7. It is necessary to relate thc pressure P2 to the
pressure Pl. This can be done by using the expressicn for the enlarge-
ment loss occurring during flow from the pressure P2 to the pressure Pl'
The generalized expression for the losses occurring during a sudden

enlargement of the cross-section is as follows:
1l

(8) -j %-ul(ul-ug)

2
P can be eliminated by means of the perfect gas law.

RT 1 dP
(9) -T/ r = uy (ul-u?)

2

Ege 9 can be integrated and rearranged.

) - &2 h o ,2f;.®
M F; \11 ul

The ratio u,/u) can be evaluated because of the equality of the mass
rate of flow in both the comnecting duct and the driving cylinder:

up P A
@) ¢ =53
1 2

where A,/A, is the ratio of the cross-sectional areas. The comnecting

duct has a diameter of 0.25 inch and the driving cylinder has a diameter
of 1.00 inch., The ratio of areas is then equal to 16. We may define

x as follows:

Pa
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Substituting Eq. 11 and Eq. 12 into 5q. 10, “ho desired relabion is 7 #J

#
obtaine:is : ' T ﬁ.\\\
' e . 1 2{16 - ' :
(13) T in -JE = W («-; - .x.)

A sinple relation exists betveen o and v, Bvaluonbing Bg. 11, ¥
1 15 obtained:

(W) & . 1
ui X
ul ir vne linear wlocity of deascent ¢ the pistun syatem. It is R

releied to the time, in msec., raquirei to descend govens=aiZhths

inch by Bq. 15

(15) ‘?)1 - -2-%?-2-

The ratio of the effective driving pressure P, to the pzék:mzre t’sn the

ga storage reservolr P, is given Iy Fq. 16:

R ; ‘ @&.” ’
(26 % - £ =

The procedure used to calculate Py, /P as a function of t, the

injection time, was as follows: Yarious values of t ware assuned; “1?'5%
o /XY
corresponding w) valuis were ther caloulated from Hj. 15, The wriue/ f?/

x corresponding to the uwy valuog ware then f*ulf‘ulateu by & trial s
error method using Fq. 13. Tke corresponding values of g WS °‘
determined from Eq. i, The valnss of » wers valoulsted from '.'.’t
for the varions valwes of daye The final valuve of Pl/i?.\ ware ]
detsimined from r and x according to Eq, 16, The results of tl{ég""“

3.
F -

eslealation are given in Tably L. fo

[l
“lx
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Taeble 1, Cslculated Valueg of the Presiure Drop in ths
' Pneumatic Injector

oA

. S — —>
. Injection time, , Ratio ¢f effective driving
Gy . r 1N MBEC. pressure to spplied pressure

i

1.7 0,547

2.0 0.6UL

2.6 0.748

k.o 0.879

5.0 0.916

6.0 0.540

8.0 0,565

10,0 0277
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different methods fuw sawn’ ] '
Several saxt c& saalyzing fuming nitric

. N Sy Pngs 9 ) - '
,r;in .'g “eR 1“!1 in L }'epl."'il'i'tu \a:{ 8 FRny o
. & & ,.4,5/5’}%9(:-‘31“.’45 Mathods suge !

the repriat inelndsd Zhe C e
gted 1n g T watghing burets Lo diopaene

] T b g5 R s
acisl or small vialy contedindrw ) .
podst 2% A ho Vo Breelhen e wirhaser,

poin

VAL 3 < (8 E A eem
g of meve Latevest kn Ahs v gsemi

@ mnbinds were ot used admis
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tnalysze the material in the storage flask. Acid was transferred from
the storage flask to the reactor by means of automatic pipets. The
mwwthod of sampling for analysis was also. to transfer a sample of acid
((4e5 gm.) from the atorage i‘ask to a weighed 100 ml. volumetric flask
by means of the automatic pipet in such a way that no acid touched the
ngrrow portion of the flask. The flask was then covered and reweighed.

The volumetric flask was inmraed in a liqizid nitrogen or dry ice bath

tc the neck of the flask for about five minutes., T.e flask could then

be opened and the solution diluted without fear of losing acidic ‘vapors.

The various classifications of concentrated nitric¢ acid solutions
wsye defined by S. F, LaKato.s in the symposium reprint.h; Thé ‘classi-
N.cetions were defined as follows: "White Fuming Nitric Acid refers
to nitric acid of concentrations between 97.50% and 99.79% containing
& seximum of oxides of nitrogen of 0.5% as nitrogen dioxide (NO2) and
# maximum of 2% of water (H20). Red Fuming Nitric Acid refers“to
nitrdic acid of total acidity values above 100% containing various
amounts of dissolved oxides of nitrogen which vary in commercial
products from 6.5% to 22% by weight. Anhydfous Nitric Acid refers to
nitwic acid of concentrations from 99.8% to 100.5% cantaining no more
ther 0.10% dissolved oxides of nitrogen by weight as NO, and no more
than 0,10% water by weight.®

It 1s necessary to use separate samples to determine the concen-
trotion of HKO3 and that of NO,. The procedure for determining the
botal acidity will be given first: To the frozem sample in the 100
ml. volumetric flask was added about 10 ml, of water and almost a
ghoicniometric quantity of standard 0.7 N NaOH solution. The solution

in the volumetric flask was then allowed to come to room temperature.
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A drop of phenolphthalein indicator sclution was added. Further NaOH
sclution was added until the solution was Just basic. The solution
was then back-titrated with 0.1 N HCl. By using the much more dilute
HC1l solution, it was possible to locate the ende-point wvery accurately.
The anelysis gives the totel quantity of HNOy and NO, in the sample
since the N0, is converted to ENO; when the solution is diluted with
water in the presence of air,

Values of 100,2 to 100.8% HNO, were consistently obtsined for the
nitric acid prepared by distillation from sulfuric acid, The NaOH
solution had been standardized against reagent grade potassium acid
phthalate. I was thought possible that the phthalate was impure.

The NaOH was then standardiged against freshly prepared 0.7 N HCl that

_ had been standardized by gravimetric analysis of the chloride. An

identical result was obtained for the normslity of the NaOH solution.
The high values of the HNOy content were then accepted. It appeared
that the method of preparation produced a small quantity of dissolwved
Nzose

The analysis of NO2 in the fuming nitric acid was as follows:
To the frozen sample in the volumetric flask was added an excess of
standard 0.1 N ceric sulfate solution. The solution was then diluted
with water and back-titrated with standard 0.1 N ferrous sulfate solu-
tion to the ferroin end-point. The N02 was oxidized to N03' according
to Eq. 1:

(1) ce™t ., N, + H,0 —> ce™*" No,~ + 2 &

The ceric sulfate solution was standardized sgainst arsenious oxide

acconding to Eq. 2:
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++

(2)  Asy03 +5HO +1L cett*t —> 2 HyAs0p + bt ce'** + L E

The quantity of NO, was found to be 0.11% for a badly colored sample

2
so that the acid used in the reactor corresponded to "anhydrous nitric

acid" according to the definition given above.

Bydrazine
Hydrazine was analyzed by the iodate method of Penneman and

Audriethh6 and by direct acid titration. The same sampling method was
used for hydrazine. The sample (1 gm.) was transferred to a weighed
100 ml. volumetric flask by means of an automatic pipet. The flask was
reweighed ‘and immersed in a cold bath. Almost a stoichiometric quantity
of standard 0.5 N HCL was then added. The neutralization reaction is
showm in Eq. 3:

(3)  NHy + B —> N

After reaching room temperature, the solulion was further titrated with
the HCl sclution to the methyl red end-point. The solution in the
volumetric flask was then diluted to the mark with water. Aliquots of
10 ml, were transferred to 250 ml. Erlenmeyer flasks and diluted with
50 ml. of water. GConcentrated HCl, 50 ml., was then added to the mix~
tixre, The solution was titrated with 0.1 M KIO3 to the disappearance
of the red color of wool red indicator. The reaction is expressed by
Eq. Lt

(L)  NH + 107 + 2H' + QT —> I + N, + 3HO

The direct acid titration gives the sum of the hydraszine and any

ammonia that might be present. The iodate method, however, is not
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affected by the presence of ammonia. The combination of the two titra-
tions givnthe concentrations of both ammonia snd hydrazine, No
mon:l;t yf_t_'t:.vrennd in the analyses madé of the anhydrous hydrazine.
Hydrogen JLeroxide

The hydrogen peroxide (1 gm.) was transferred to a 100 ml. volu-

mtrl?gnuk means of an autcmatic pipet. The flask was then

'L‘.ii;‘solution was diluted to the mark with water. Aliquots
of 10 ml, were transferred to titration flasks. The soluticn was
titrated with standard 0.1 N ceric sulfate sclution to the ferroin
end-péh‘l'f. The .reaction is expressed in Eq. 5s

(5) H0, + 20™" —> 20" 4+ 2K 4 0

2
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' APPENDIX IV
CALCULATION OF ADIABATIC FLAME TEMPERATURES

The adiabatic flame temperatures for two reactant ratios of the
hydrasine, nitric acid reaction were calculated. The basic heat data

are expressed in Eq. 1,h7 Eq. 2,13 Eq. 3,h8 and Eq. h:he

(1) 'Hzﬁh(l) +0, —» N, + 2 H0(1) , AH = 148,635
(2 - (HNO4(1) —> 0.5 N, +1.50, + 0.5H, aH= 11,349
(3) . H0Q) ~—> H, "+ 0.50, : aH = 68,315
(L) 520(1) — 320(8) - © aH= 10,503

The heats of the reactions are given in calqﬁes ser mole and refer to
25°C. Eq. 5 and Eq. 6 result from obvious combirztions of Eq. 1 to L,

inclusive:

(5) HNO3(1) + NpH)(1) —> 1.5 Ny + 0.25 0, + 2.5 Hy0(g)
AH= -115,186 AE = -117,704

6) HNOy(1) ——> 0.5 N, + 1.25 0, + 0.5 Hy0

AH = 12,443 AE = 11,110
The energy change for each reaction was calculated from the reaction
heats using the following relations

(7)) aH = AE 4+ anRT

The first step in the procedure was to calculate the heat evolved
by the hypothetical conversion of the liquid reactants into nitrogen,
oxygen and water vapor at 25°C, It was also necessary to calculate the
atomic composition of the reactants. The starting materials are given

below for the two reactant ratios under considerations

229



hn £ e —

e A e o e

[

‘Nominal volume ratic

Moles hydrazine

Moles nitric acid

Moles airs nitrogen
oxygen

Reactor volume, in cc.

&

Fas
i PN

RN
9
.

0.02321

0.06665
0.01088

0,00289
339

=

—-lga
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0.023%1
0.02599
0,010468
0.00289

339

The heat evolved by the conversion inte nitrogen, oxygen and water

vapor at 25°C was calculated using Eg. 5 and Eq, 6 and is given below

along with the atomic composition:

Nominal volume ratio

Heat, in calories
Gram-atons N
Gram-atoms O
Gram-atcas H

hs1

2249.3

0.1348
0,2058
0.1595

1.5:1

2701.0
0.09417
0.08375
0.1188

The partial pressures of the assumed rroducts at any temperature can

be calculated by the simultaneous soluvion of Eq. 8 to Eq. 10,

inclusive:

(8) 28y, = (W) 2%;!

where (N) = Gram-atoms N
(0) = Grameatoms O

(H) = Gram-atoms H

The second step in the procedure is to calculate an approximate

temperature. The number of moles of nitrogen, oxygen and water vapor

were first calculated. It was then possible, using the molar energy

content tables given by Lewis and von Elbe ,h

8

to find the temperature
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L’i f&pohed by the three cosponent mixtire through the
1wk

wbsorptics of ;*;a “&"\sb:l th. This temperaiuie for -the 1.5 : 1
ratio was found to be 2Z:UW
1870°K. This trial temperatuze Wi :

temperature because of the fact ‘hat the ld:!.saocia.‘t.ci..ox_; of *”’L: ~p .
oxygen and water vapor were ignored. The dissocistion reacticns
reqiirs energy thus decreasing the available eneryy to raise the
temperature of the products.

The third step in the procedure was to calcul.ate the quantity of
the dissociation products. It was necessary to ealuate the partial
pressures of the nitrogen, oxyjen and m';ter vapor ty solving Eq. 8
to Eq. 10, inclusive, using th® trial tempersiare given above, The
partial pressure values were then substituted into the expressisus

given below for the dissociation equilibria:

(1) &) EH, +%0, = EHO Pr, * EaPmyo Poa'
b) OH+%H, = LD | Pog * K P%ﬁ P%'%
¢) 2R == K B P S
a) 20 =0, P, K? Poa'?s
&) = W =2%0,+%kN Py = K 902% PN;
£) W+ %0, g=xNo, Py, KL Py Pog%
g) “ 2N =2V, Py Kg% P’a%

The equilibrium constants for any temperature wer: obtained by graph-

[« ]

ical interpolation from /he data given by Izils &id von )’i‘:lbv.s.uu The
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The fourth step of the procedvrs was to correct the material
. balance for %Zhe jrresence of the disgvociation products. 7This was done

A using Eq. 12 to Eg. 1lhi, inclusive:

o
L]

(12) (N) [0 (2 Pnz) + PNO + ‘PHG2 & PN

(13) (0 = (Pyg+ 2F) + Fyo + 2 Py, + Fog + Fo

w =
54 A

o

w) @

<|

The wvaluss of the diszsosiation producits were substituted into the

equations. New vulues of the partial »resgure of nitrogen, oxygen

and water vapor were then obtained so “hat & correct material balance
{ resulted.

The fifth step of ths procedure was to correct the heat balance
for the heat required to form the dissociation products., It was
necessary to calculale the number of moles of each dissociation
product. This was done using Eq. 15, the calculated partizl pressures
and the trial temper:ture:

{r

(15) n = E‘s;'f Py

The heat required to form each dissociation product at 25°C from

nitrogen, oxygen and wster was calculated from Eq. 163

(18) &) % 1,0(g) —> 30, + 0H  AE
i b) % 0, % ¥, —> NO AE
i ¢) H0(g) —> Hy + % 0y AE
u ‘ a) 30, —> 0 AE
!
|

38,811
21,477
57,502
58,737
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®) %E0(@.) —> $0,+H  AE = 80,5U5

TR Lk, i

SRR T Te salovlated from the ta'bles glven by Lewis and von Elus.
-wiiii'x*

[t P ~~?’l.‘

The quantity o :‘ “’%#,,8 irsu,fﬁ.cient to affect the hest Lalance.,

&\\‘-ﬁx
The total heat required to form the ST

ey

e

tieon - Jroducts at 25°C was
SN——
subtracted from the total heat given previously. Thé resulting icab
was available for heating the total mixture from 25°C to the high
temperature,
The next step in the procedure was a repetition of the second step.

The adjusted temperature was found through the use of the molar energy
content tables using the new composiiion that included the diszociation.
products. The resulting temperafure is below the adiabatic Liame
tempeiature. The concentration of the dissociation products wan
ew.l.uataed at too high a tempersturs so that the calculated cnacenirs-
44008 Were 400 nigh. The heatv isquired vo fom thne dissociation
products was then too high leaving too littlé heat to raise the
temperature, '

| It was found most convenient to assume an intermedlate tempsra-
ture at' this point. It was necessary also to estimate the partial
pressure of oxygen, nitrogen and water vapor. The third step was then
repeated, The partial pressures of the dissociation products were
then evaluated at the new temperature. The fourth step, the correc-
tion of the material Balaﬁce, then showed whether the correct partial
pressures of the principal camponents had been assumed. The fifth
ster wea then repeated correcting the original heat balance. The
second step was repeated to check the assumed temperature.

For the 4 : 1 ratio, only one additionsl trial had to be

employed to arrive at the correct temperature and. camposition, since
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the low concentration of dissociation products did not seriously

affect the heat balance. For the 1.5 t 1 ratio, it was necessary

1_;0 repeat the trial and error calculation six times before accurate l
agreexﬁent was obtaized between the assumed fgmpera’oure and conposi-
tion and the calculated values. . The values used for the final triaﬁ

ars given below:

Nominal reactant ratio b 2
Trial temperature, in °K 1858
Trial composition, in atm. PN 30.13
2
P02 28.12
PH20 | 35.87
The values calculated from the trial values are as
Nominal reactant ratio h s 1
Temperature, in °K 1859
Composition, in atm. PN2 30.13
P02 28,12
Pon 0.05
PNO 0.38
PH2 -
PO -
PI-I -
PN02 0.02

Total pressure, in atm. 9455

The agreement of the trial vaiuves with those calculated ip within the

accuracy of the thermodynamic data.

1.5:1
2970

7.50
40.8L

follows:s
1.5 : 1

2971
32.93

7.50
40,8k
2.28
1.8k
0.6h
0.30
0.11
0,01
86.hky

32.85

23,
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